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Abstract 
The sun causes wide spread effects on the earth's environment and most 
of the phenomena have their origin in processes occurring on the solar 
surface. The solar influenced worldwide current system, partly in the 
conducting regions of the upper atmosphere and partly in extra-terrestrial 
space, causes the transient variations in the earth's magnetic field. 
Among the different- transient variations, the ultra low frequency 
sinusoidal oscillations of earth's magnetic field whose amplitudes range 
from a fraction of a gamma (1 gamma ^ 10'^  tesla) to, on rare occasions, 
as much as few tens of gammas are termed as geomagnetic 
micropulsations or ultra low frequency (ULF) waves. These waves can be 
divided into two main classes such as those of regular and mainly 
continuous pulsation character (Pc 1- 6) and those of irregular pulsation 
characteristics (Pi 1-3). The Pc4 magnetic pulsations, one of the sub-
groups of continuous pulsations, are quasi-sinusoidal variations in the 
earth's magnetic field in the period range 45-150 seconds. These' 
magnetic pulsations, measured on ground, are basically 
magnetohydrodynamic (MHD) waves converted to purely 
electromagnetic waves in the ionosphere. The sources and mechanisms, 
by which these waves are generated and transformed in the 
magnetosphere and reach up to the ground, are not well understood and 
are till date in debate. Basically the interest in detailed systematic studies 
of pulsations, their distribution in time and space, the range of their 
frequencies, etc. grew significantly in the 1950's before the International 
Geophysical Year (IGY) 1957 and consequently several studies have 
been carried out by many investigators. Based on observations of these 
Diumal and Seasonal Variation of Occurrence and Frequency. 
Studies, especially the research work carried out in the last three to four 
decades, several theories have been proposed to explain the origin of 
these waves. However, the theoretical models proposed to date are not 
able to fully explain all the observational facts. 
The diumal variation of period and frequency of Pc3-4 waves 
recorded at ground stations and their dependence on latitude, solar wind 
velocity and magnitude of interplanetary magnetic field are also of vital 
importance in identification of their source and propagation modes and 
specially to check their origin in the region upstream to the bow shock. 
The results of previous studies indicate that the pulsation periods changed 
in a very complicated manner with the geomagnetic latitudes. It is also 
worth noting that the major part of geomagnetic pulsation studies have 
concentrated on data obtained from satellites and also from ground 
stations at middle and high latitudes, while the very low latitudes and 
deep equatorial regions have received very little attention. At very low 
latitudes, a significant fraction of geomagnetic field lines is contained 
within the ionosphere and may be influenced by it. Thus the pulsation 
properties at these latitudes lead to different characteristics from those at 
higher latitudes. Therefore, to understand the generation and propagation 
mechanisms of these Pc4 waves, it is also important to study extensively 
their diumal and seasonal characteristics at very low latitude regions. The 
present study, presented in the form of thesis, describes an investigation 
of diumal and seasonal variation of occurrence and frequency of Pc4 
waves at very low and near equatorial latitudes in India and their 
dependence on solar wind velocity and magnitude of interplanetary 
magnetic field. To the best of our knowledge the results reported in the 
thesis are new and have not been reported earlier. 
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The work presented in the thesis is organized in seven chapters. 
Chapter 1 is the introduction, which gives a brief overview over the 
interplanetary magnetic field, solar wind and the earth's magnetic field 
interaction, the earth's magnetosphere and some of its most important 
domains, the variations in the earth's magnetic field, ultra low fi-equency 
(ULF) waves within the earth's magnetosphere and Pc3-4 continuous 
magnetic pulsations. 
Chapter 2 describes a brief theory of the generation of 
hydromagnetic waves, their possible sources within and external to the 
magnetosphere and their propagation modes within the magnetosphere. 
The data used for analysis was recorded by the magnetometer array 
of three low latitude stations (Hanle, Nagpur and Pondicherry), 
established and operated by the Indian Institute of Geomagnetism (IIG), 
Navi Mumbai. The coordinate details of these three stations, schematic 
representation of their locations and the analysis procedure for diurnal 
and seasonal variations in occurrence and frequency and also for 
dependence of occurrence of these pulsations on solar wind velocity and 
IMF magnitude are briefly presented in Chapter 3. The stations were 
situated at almost along the same longitude and at varying low latitudes 
in India. The geomagnetic X, Y and Z components of the recorded time 
series at one second interval were filtered using a zero-phase shift sixth 
order Butterworth type "band pass" filter for the frequency ranges 5-40 
mHz. The analysis for each day of the whole year was carried out for X 
and Y components by selecting the events fi-om the 24 hr spectra of the 
day that were constructed using MATLAB program. The digital dynamic 
spectra for selected events in the narrow time interval was prepared 
taking the vandow of 1024 points with the sliding of half the window 
size. Filtered time series for selected data filtered between the frequency 
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ranges 5-40 rnHz were also plotted that showed the pulsation events more 
clearly. 
Chapter 4 is devoted to the results of the analysis of diumal and 
seasonal variation in the occurrence of these very low latitude 
geomagnetic Pc4 pulsations during the whole year 2005. Occurrence 
periods of events in each day in one-hour bins were recorded and 
consequently monthly analysis of occurrence period corresponding to 
each hour bin was carried out. The variation of total hourly occurrence of 
Pc4 events for all the three stations for each month is reported. The total 
hourly occurrence for the whole year 2005 is also reported. Generally the 
occurrence was found to be present in all the hours of the day with the 
major occurrence being observed between 15 hr to 20 hr UT interval at 
all the three stations during all the months. The occurrence pattern was 
nearly similar for all stations and the maximum occurrence was seen in 
between 17-19 hr UT interval. The variation in Y component occurrence 
was nearly similar to the X component data with less power observed. 
The maximum occurrence peaks in the local winter and local autumn are 
found to be one hour later from the maximum occurrence peak of the 
total year seen at 17-18 hr UT while the maximum occurrence peaks in 
local spring and local summer have been observed at the same time as 
found in the occurrence of the whole year data. The seasonal variation of 
Pc4 occurrence shows the main peaks in local winter and local autumn at 
the same time interval (18-19 hr UT) at all the three stations. 
Chapter 5 is used to present the results of the analysis of diumal and 
seasonal variation in the frequency of these very low latitude Pc4 
geomagnetic pulsations during the whole year 2005. Diumal variation in 
the frequency of Pc4 magnetic pulsations during the whole year 2005 
indicated that there were coincident peaks found in the frequencies 
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occurring simultaneously at all the stations between 04-05 hr UT and 18-
19 hr UT interval. The frequency variation at all the stations, found from 
the plot of total year, showed 'U-type' pattern between 00-10 hr UT time 
interval and 'inverted U-type' pattern in between 12-24 hr UT time 
interval. The seasonal variations in the average frequencies are found to 
be higher in the local summer than in the local winter. Also the average 
frequency was found to be decreasing slightly throughout the day in local 
winter at Hanle and Pondicherry. 
The results of the analysis related to the dependence of occurrence of 
these Pc4 geomagnetic pulsations on the solar wind velocity and IMF 
magnitude are reported in the chapter 6. The solar wind velocity and 
similariy magnitude of IMF is expressed on X-axis and total duration of 
events for corresponding value of solar wind velocity or magnitude of 
IMF for the whole month is given in min. on Y-axis. The results of the 
dependence of occurrence of Pc4 geomagnetic pulsations on these 
parameters are reported for each month and also for the whole year 2005. 
It is clear from the figures of different months that at all the stations, 
nearly similar pattern of dependence of occurrence of Pc4 pulsations on 
Vsw was found throughout the year. It is observed from the graph 6.1.13, 
depicting dependence of occurrence period of Pc4 pulsations on solar 
wind velocity that the value of the solar wind velocity ranges from 250 
km/s to 1000 km/s approximately in the whole year and occurrence of 
events observed nearly for all values of Vsw. The majority of Pc4 
pulsation occurrence was found in between 300 km/s to 700 km/s Vsw 
velocity values. The maximum values of duration of pulsation events at 
all the stations are found corresponding to 300 km/s - 400 km/s Vsw 
values. However the graph showed the secondary maxima of occurrence 
nearly between 600 km/s to 700 km/s. The dependence of occurrence of 
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Pc4 magnetic pulsations on the magnitude of IMF for the total year 2005 
for all the three stations is shown in the fig. 6.2.13. From the plot it is 
clear that although the occurrence of events was observed up to the IMF 
magnitude 22 nT but majority of events occurrence was seen when the 
value of IMF magnitude was in between 2-10 nT with maximum 
occurrence found with the magnitude of IMF in between 4- 6 nT. Nearly 
similar behavior was recorded at all the three stations Nagpur, Hanle and 
Pondicherry. Also it is evident fi^om the monthly analysis that this trend 
of occurrence pattern was observed in nearly all the months. The duration 
of maximum occurrence was 5458 min. at the Nagpur station for the IMF 
values 4-5 nT. At Hanle station the duration of maximum occurrence was 
found 5116 min. while at Pondicherry station it was 6927 min. between 
the 4-5 nT values of IMF. For Hanle, the duration in Pc4 occurrence was 
found to be less dominant in comparison to other stations and the 
occurrence pattern was found slightly different from Nagpur and 
Pondicherry station. The main reason of this was the unavailability of 
data in most of the days in August, September and October 2005 for this 
station. 
In Chapter 7 the results are summarized through general discussion 
and conclusion. The majority of occurrence of Pc4 events observed in our 
study between 14 hr UT to 20 hr UT (local nighttime) has also been 
reported in many previous studies. Many other Pc4 events in local 
daytime were also found in the course of the present study. These results 
are in agreement with suggestions of Takahashi et al. (2005) who 
reported and suggested that the pulsations detected on the nightside 
originated on the dayside and most likely by an extended region of ULF 
waves in front of the bow shock and not from processes occurring in the 
nightside magnetosphere as there was absence of substorm onsets or 
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intensification. They have pointed a common upstream wave energy 
source for Pc4 pulsations observed on the nightside. They have observed 
strong low latitude Pc4 pulsations on dayside by IMP- 8 during the 
period of nightside Pc4 pulsations (Ansari et al. 2009). The main peaks in 
Pc4 occurrence at local winter and local autumn found at the same time at 
all the three stations also agree with the several previous studies. The 
frequency variation found for the whole year at all the three stations 
shows 'U-type' pattern between 00-10 hr UT and 'inverted U-type' 
pattern in between 12-24 hr UT interval, which is similar to the results of 
Ansari and Fraser (1985). The seasonal variations in the average 
frequencies found to be higher in the local summer than in the local 
winter are in contrast to the study of Ansari and Fraser (1985). These 
findings do not agree with the results reported by Kuwashima et al. 
(1978). The average frequency tends to decrease slightly throughout the 
day in local winter at Hanle and Pondicherry, which is similar to the 
results reported by Ansari and Fraser (1985) and Barker (1977). No clear 
dependence of pulsation occurrence period on latitude was found as the 
maximum occurrence peak periods were varying with latitude in a very 
complicated manner during the different months of the year. The results 
of dependence of occurrence of these pulsations on solar wind velocity 
are in agreement with the study of Ansari (2008), who has demonstrated 
that the occurrence probability of low latitude ULF Pc3 pulsations 
depends on solar wind velocity with a threshold at about 300 km/s and 
ranging up to 700 km/s and discussed that it is likely the bow-shock 
associated waves, originating from the direct interaction between the 
solar wind and the magnetosphere, exciting the Pc3 pulsations. The 
results of present study are in agreement with the observed characteristics 
of ULF upstream waves by Vellante et al. (2004) and Heilig et al. (2007) 
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who discussed that the upstream waves are the main cause of the 
observed ground magnetic pulsations and supported with their results, a 
partial but direct propagation of compressional waves from the sub-solar 
magnetopause through the magnetosphere towards the earth, as proposed 
by Yumoto et al. (1984). In the light of discussed excitation mechanisms 
and the observed results of the diumal and seasonal variation of low 
latitude Pc4 pulsations and their dependence on solar wind velocity and 
IMF magnitude, it is suggested that the upstream waves are a major 
source of Pc4 pulsations detected on nightside which were originated on 
the dayside and most likely by an extended region of ULF waves. It is 
further suggested that the plasmaspheric cavity mode resonance may have 
played a role in filtering the broadband input to the magnetosphere. In 
last, Simultaneous studies of space data of different regions and also data 
from different ground magnetometer stations are required for complete 
view of whole process and for clear prediction of generation and 
propagation mechanism. Also, as the stations array was spread over a 
latitudinal range of 21° only, it was not sufficient for identification of 
latitude dependence of Pc4 pulsation occurrence since the data from 
large-scale latitudinal separation was required for this purpose. 
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Chapter" 1 
Introduction 
Chapter 1: Introduction 
1.1 Solar Wind and Interplanetary Magnetic Field- -
The sun causes wide spread effects on the earth's environment and 
most of the phenomena have their origin in processes occurring on the solar 
surface. In addition to the production of a wide spectrum of electromagnetic 
radiation (including ultra-violet and x-rays) the sun's outer surface-the solar 
corona-is continuously being blown away from the sun to form a 
supersonic outflow known as the solar wind. The huge difference in gas 
pressure between the solar corona and the interstellar space is the main 
cause that drives the plasma outward, despite the restraining influence of 
solar gravity [Hundhausen (1995), Anderson (1992)]. This occurs at such a 
high temperature that the individual atoms are broken up into- their 
constituent ions and electrons. This state is known as plasma state. In a 
series of papers beginning in 1957 on the investigation of the expansion of 
the solar corona into interplanetary space, E.N. Parker developed a 
magneto-hydrodynamic theory of the solar wind. Parker showed that the 
only reasonable model of the interplanetary medium utilizing all available 
information on coronal temperatures and densities was necessarily 
hydrodynamic and, most important, supersonic. The model of the solar 
wind as developed by Parker has been confirmed by the investigations of 
interplanetary space by artificial satellites and space probes. These 
investigations have shown that the interplanetary medium in the vicinity of 
the earth is not just empty space but instead is filled with a highly tenuous 
plasma which is being continuously blown radially outward from the sun at 
speeds averaging 300-500 km/s. This solar plasma consists primarily of 
ionized hydrogen (protons and electrons) and is electrically neutral having 
density of the order of nearly 10 ions /cm^ The solar wind becomes 
supersonic beyond a few solar radii because of the heating, compression 
and subsequent expansion. Because of this supersonic nature of the solar 
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wind, shock waves are formed in front of the planets (see bow shock in Fig. 
1.3). 
The solar wind carries the magnetic field away from the surface of the 
sun, transporting it through interplanetary space and into the Earth's 
vicinity. This magnetic field is known as interplanetary magnetic field 
(IMF). The magnitude of the IMF varies with distance. Due to the Sun's 
rotation, the large scale field line pattern forms a spiral, which is known as 
the Parker spiral (Fig. 1.1). The Parker spiral is an idealized case and in 
reality the magnetic field of the sun is extremely complex, although it 
serves as a good approximation. Near the earth's orbit, the large scale field 
lines form an angle of approximately 45 ° with respect to the orbital motion 
of the Earth [Hundhausen (1995), Jacobs (1970)]. 
Orbif of Eorth 
Fig. 1.1: Parker Spiral configuration of the interplanetary magnetic field 
[from Kivelson and Russell (1995)] 
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In addition to experiencing all of the hydrodynamic forces of a 
flowing fluid, plasma also experiences electric and magnetic forces. Thus, a 
planet's magnetic field represents an obstacle to the flowing solar wind. In 
order to continue the subject, it seems reasonable to describe briefly about 
the earth's magnetic field as follows. 
1.2 Earth's Magnetic Field: -
The direction-finding capability of the compass was the earliest 
indication of the existence of the geomagnetic field. The orientation of a 
fi-eely suspended magnetic needle roughly in the geographical north-south 
direction suggested that the earth behaves as a huge magnet. The year 1600 
saw the publication of the famous treatise De Magnete by Sir William 
Gilbert. This treatise consists of six books containing a total of 115 chapters 
and the central theme of the book was that the globe of the earth is 
magnetic. Sir Gilbert did investigations on the variation in the direction of 
magnetic force over the surface of a piece of the naturally magnetized 
mineral lodestone of spherical shape and found that the variation of 
inclination was in agreement with-what was then known about the earth's 
magnetic field and then he was first who suggested that the earth behaves 
as a uniformly magnetized sphere and its magnetism is due to causes within 
it and not from any external source as was supposed at that time [Russell 
(1995), Wolf (1995), Jacobs (1970)]. It is believed that the source of this 
field is molten charged metallic fluid in the core of the earth. With the 
rotation of the earth the fluid also rotates, resulting in the development of 
circular electric currents in the core of the earth. These currents magnetize 
the earth. This core is believed to have a radius of about 3500 km 
[McFadden and Merrill (1995), Langel (1992), Jacobs (1970), Lundquist 
(1966)]. 
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In 1839 Gauss showed that a geocentric dipole is an excellent first 
approximation to the earth's magnetic field [Walker and Russell (1995), 
Jacobs (1970)]. The points where the geocentric dipole meets the surface of 
the earth are known as geomagnetic poles and the straight line passing 
through these poles is called magnetic axis of the earth. The direction of 
magnetic north and that of geographic north differ over most of the globe. 
The earth's magnetic field is approximately less than one Gauss (T) at its 
strongest near the poles. Its strength is of the order of 10''* tesla [Jacobes 
(1970)]. For example, at Aligarh the strength of earth's field is 0.37 gauss, 
i.e., 0.37x10-^  T. 
The magnetic field at a place on the earth's surface can be 
completely described by the three elements known as angle of declination, 
angle of dip or magnetic inclination and horizontal component of earth's 
magnetic field. Angle of declination (a) is the angle between the geographic 
meridian and magnetic meridian at a place. The angle between the earth's 
magnetic field B and its horizontal component BH, is the angle of magnetic 
inclination. The angle of dip (5), i. e., magnetic inclination is different at 
different places on the surface of the earth. At the magnetic equator the 
angle of magnetic inclination is 0° and becomes 90° at magnetic poles. The 
third component of the earth's magnetic field is the component of the 
earth's total magnetic field B in the horizontal direction, i. e. 
BH = B cos6 
The value of horizontal component of earth's magnetic field is 
different at the different places on the surface of the earth as the value of 
magnetic inclination varies fi^om 0" to 90°. At any place on the surface of 
the earth; 
BH = Bcos5 
By = Bsin5 
These components give the relations 
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BV/BH = tan5 
B^ = Bv^  + BH ^ 
The horizontal component of earth's 
magnetic field can be further decomposed 
into two parts as north-south (X) and east-
west (Y) components having relation 
BH' = BH'(X) + BH'(Y) 
fX) | North 
5HPC) -^  
AH 
BH(Y) 
East 
(Y) 
1.3 The Earth's Magnetosphere: -
The earth's magnetic field represents an obstacle to the flowing solar 
wind. When the solar wind reaches the earth, it interacts with the terrestrial 
magnetic field, distorting it to form compression on the dayside, and a very 
elongated tail on night side, i.e., away from the sun. Thus the interaction of 
earth's magnetic field and solar wind makes an elongated cavity by 
confining one another within which the earth's magnetic field is 
constrained. This region that contains the earth's magnetic field is called 
the magnetosphere, and a demarcation region called the magnetopause 
marks the boundary between the magnetosphere and the solar wind. The 
existence of the magnetosphere is very important, since it shelters the 
surface of the planet from the high energy particles of the solar wind. The 
distance of the magnetopause from the center of the earth depends on the 
intensity of the solar wind. The solar wind varies in response to changing 
conditions on the sun. As a result, the distortion of the earth's magnetic 
field, the position of the magnetopause and the size of the magnetosphere 
also vary accordingly. Generally the boundary between the earth's 
magnetic field and the solar wind is about ten earth's radius («10 Re) on the 
side of the earth toward the sun while on the side opposite to the sun, the 
magnetosphere stretches far out behind the earth, even farther than the 
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distance to the moon which is clear from the Fig. 1.2 [Hughes (1995), 
Russell (1995), Anderson (1992), Jacobs (1970)]. 
(R.) -20 
Fig. 1.2: The location of the magnetopause and bow shock 
[From Jacobs (1970)] 
Earth's magnetosphere consists of several regions that are created by 
the field topology. The magnetotail is formed by tail lobes and plasma 
sheet. In the inner magnetosphere we have plasmasphere mapping to mid-
and low-latitudes. Overlapping both plasmasphere and iimer plasma sheet 
are radiation belts and ring currents. The approximate configuration of the 
magnetosphere is shown in the Fig, 1.3. 
The nose of the magnetopause is on an average 10-11 Re fi"om the 
center of the earth, though the distance varies with the speed and the 
density of the solar wind. When these are low, the push of the solar wind is 
weak and the boundary can move out to 13 Re. On the other hand, the 
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arrival of fast plasma clouds from solar eruptions can push the boundary 
until it crosses the synchronous orbit (almost down to half its usual 
distance), as may happen a few times in a year. 
Bow Shock 
Fig. 1.3: The Approximate Configuration of Magnetosphere 
(Website of NASA, USA) 
When the supersonic solar wind is decelerated to subsonic velocities 
as a result of the interaction with the earth's geomagnetic field, a shock 
front - the bow shock is generated. In this region, the temperature and 
density of the solar wind increases abruptly. This MHD shock wave is 
analogous to the aerodynamic shock wave in front of a blunt supersonic 
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projectile (Lundquist 1966). The region between the bow shock and 
magnetopause is called the magnetosheath or transition region. The 
presence of the magnetized earth has little or no effect beyond this 
transition region. 
On the magnetopause there are polar cusps that are the points that 
separate field lines that close on the day side from those swept into the tail. 
At the cusps, field lines seem to cross each other, implying a magnetic 
force which has more than one direction, and the only way it could happen 
is when the magnetic intensity drops to zero, i.e., there is no field at those 
points. Such neutral points are weak spots of the magnetopause and provide 
the most direct route of entry for, magnetosheath plasma into the 
magnetosphere [Walker and Russell (1995), Hughes (1995), Pudovkin and 
Semenov (1985), Jacobs (1970)]. 
1.3.1 Earth's Magnetic Tail: -
The magnetotail is quite dynamic part of the earth's magnetosphere. 
Large change can take place there and ions and electrons are often 
energized. The magnetotail is also the main source of the polar aurora. 
Even before the space age observers noted that in the arctic winter, when 
the sky was dark much of the time, the brightest aurora were seen in the 
hours around midnight. It was widely believed then that auroral electrons 
come fi-om the sun, but the fact that aurora seemed concentrated on the side 
facing away from the sun puzzled everyone. The observations made much 
more sense about it after the satellites discovered and mapped the 
magnetosphere's long tail. 
Most of the volume of the tail is taken up by two large bundles of 
nearly parallel magnetic field lines. The bundle north of the equator points 
earthwards and leads to a roughly circular region including the northern 
magnetic pole, while the southern bundle points away firom earth and is 
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linked to the southern polar region. These two bundles, known as the 'tail 
lobes', extend far from earth and are found even at 200-220 Re. At these 
distances some solar wind plasma already penetrates the lobes, but near the 
earth they are almost empty. Between these two oppositely directed lobes is 
an area called the plasma sheet. The plasma sheet is the most dynamic part 
of the magnetosphere. It is a layer of weaker magnetic field and denser 
plasma, which separates the two tail lobes. It is centered on the equator and 
typically 2-6 Re thick. In the adjacent region to the magnetotail, the 
intensity of the magnetic field sharply decreases inside the sheet. The 
sudden change of magnetic field indicates the existence of strong current 
flowing in the sheet perpendicular to the magnetic lines of forces, i.e., from 
the dawn side to the dusk side of the magnetosphere. [Hughes (1995), Wolf 
(1995), Burch et al. (2001), Jacobs (1970)]. 
1.3.2 Plasmapause and Plasmasphere: -
Another distinctive feature of the internal magnetosphere is the 
plasmapause. It is a three dimensional field aligned boundary in deep 
magnetosphere, which is asymmetric for moderately disturbed days (Kp=2-
4). There is a broad minimum in geocentric radius near dawn, and near 
dusk a bulge with equatorial radius 1-2 Re larger that of dawn minimum as 
shown in Fig. 1.4. The closed field lines portion of the earth's 
magnetosphere is divided into two physically distinct regions by this 
boundary. The region inside the plasmapause is of dense cold-plasma 
population and is called plasmasphere. The region of low cold-plasma 
densities just outside the plasmapause was usually referred to as the 
'trough'. 
D.L. Carpenter (1966) found two basic types of drift motions of the 
plasma inside the boundary. The first is slow 'breathing' motion during 
which the plasmapause may be thought of as fixed in space with the plasma 
10 
Chapter 1: Introduction 
inside approximately co-rotating with the earth and also drifting inward and 
outward in conformity with the asymmetries of the boundary. The other 
type of motion is of short duration (1-2 hrs) and involves change in the 
boundary itself Such motion usually takes place during polar substorm and 
occur on the night side of the earth near the longitude where the substorm is 
observed [Jacobs (1970), Wolf (1995)]. 
SUN 
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Fig. 1.4: Average shape of plasmapause and plasmasphere 
[From Jacobs (1970)] 
1.3.3 Solar wind-Magnetosphere coupling: -
Although the solar wind and earth's magnetosphere have been described 
as two distinct systems so far but transfer of energy, momentum and 
particles between these two systems occur. The main process by which this 
transfer takes place is the solar wind-magnetosphere coupling (magnetic 
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reconnection) occurring at dayside magnetopause between interplanetary 
magnetic field and geomagnetic field. The idea of this reconnection was 
proposed by James Dungey in 1961. In his theory of magnetic 
reconnection, he proposed that the IMF and earth's magnetic field could 
merge under certain conditions leading to an 'open' magnetosphere. He 
showed that the southward direction of IMF creates favourable conditions 
for this reconnection of IMF with geomagnetic field and thus provides way 
for transfer of particles and energy between the solar wind and the earth's 
magnetosphere. Fig. 1.5 illustrates the flow of plasma within the 
magnetosphere driven by magnetic reconnection. 
Fig. 1.5: Reconnection of IMF lines with Earth's magnetic field 
(From Kivelson and Russell 1995) 
The basic idea behind reconnection is that antiparallel magnetic field 
lines can merge together (partly) when they meet with each-other and 
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produce two topologically totally different field lines. So when 
interplanetary magnetic field is southward, it will be approximately 
antiparallel to the geomagnetic field at the front of the magnetosphere and 
by the reconnection of these, there will be two field lines of new type. Each 
new field line has one end attached to the earth (one line's end attached 
near the north pole and other line's end attached near the south pole) and 
the other end stretching out into interplanetary space. 
The antisunwards magnetospheric convection is produced when the 
reconnected, open field lines are swept over the polar caps at the solar wind 
speed. During this process, mass, momentum and energy is transferred 
from the solar wind into the magnetosphere via the magnetosheath [Russell 
(1995), Hughes (1995), Oulu website']. 
1.3.4 Conjugacy: -
The two points on the opposite side of the magnetic equator 
and linked by the same geomagnetic line of force are called conjugate 
points. Information about certain magnetospheric processes which are 
propagating along a field line may be found on the ground at or near to 
those points, at which the field line intersects the lower ionosphere or the 
earth's surface. Propagation of information, i.e., characteristics of 
magnetospheric processes may take place by energetic charged particles or 
by waves, such as very low frequency electromagnetic waves ducted 
through the magnetospheric plasma along field lines or by 
magnetohydrodjmamic undulations of the field lines themselves and may 
be detected near the conjugate points. 
Conjugacy on the earth's surface cannot be determined using field 
expansions for sources only located inside the earth because the external 
sources like ring currents, magnetospheric boundary currents, currents in 
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the neutral sheet of the earth's magnetotail, significantly modify the 
Conjugacy of points above approximately 60° magnetic latitude, i.e., where 
L value is greater than 4. This effect increases very sharply with increasing 
latitudes. G. D. Mead (1967) found that the south conjugate point and the 
north conjugate point move towards equator and pole respectively in the 
northern winter. He further reported that at noon the effect was largest and 
at midnight it was smallest. 
The conjugate points differ in many physical aspects though they have 
a common field line that links them. Generally the local time and the season 
will be different at these two points. In last, it is not sure to get information 
exactly near the conjugate points as in many cases the charged particles 
may drift appreciably and the ray paths of ducted waves may depart 
considerably from a field line [Jacobs (1970), Lundquist (1966)]. 
1.4 Variations of the Earth^s Magnetic Field: -
The terrestrial magnetic field as measured at the surface of the earth 
is not constant with time. Its intensity varies and the variation may be 
broadly classified in two main groups according to their rates as: secular 
variations and transient variations. The secular variations produce 
perceptible effects in periods measured in decades or centuries while the 
transient variations are more rapid and have periods measured in days, 
hours or even minutes. The range of spectrum of these geomagnetic 
phenomena is enormous and is shown in Table 1.1. 
The origin of the secular variations is still ill understood. Results of 
many scientific studies suggest that these secular variations of the earth's 
magnetic field result from the effects of magnetic induction in the fluid 
outer core and from the effects of magnetic diffusion in the core and the 
mantle [Wolf (1995), Bloxham (1992), Bloxham and Gubbins(1985)]. The 
transient variations are now known to be due to the solar influenced 
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worldwide current system, partly in the conducting regions of the upper 
atmosphere and partly in extra-terrestrial space. For the case of the quiet 
day type of variations related to the solar or the lunar day, the current 
systems are produced by tidal motions in the upper atmospheric regions 
while for the variations associated with the magnetically disturbed days, the 
corresponding current systems are produced presumably by the entry of 
high velocity neutral streams of corpuscles into the terrestrial atmosphere 
[Russell (1995), Rangarajan (1992), Jacobs (1970)]. 
Table 1.1 Spectrum of Geomagnetic phenomena [Jacobs (1970)] 
Period 
Seconds 
1017 
1015 
1010 
109 
106 
105 
102 
10-1 
Years 
3.109 
3.107 
300 
30 
3.10-2 
3.10-3 
Origin 
9 
Internal and Dipolar 
Internal, Non-dipolar 
External 
External 
External 
External 
Comments 
? 
Dipole Reversals 
Secular variation 
Magnetic storms 
Diurnal variations 
Micropulsations 
Sub-acoustic 
The quiet conditions as well as the day-to-day changes in the 
intensity of any disturbance are usually widespread and follow a similar 
pattern over a wide area. Except in periods of very violent activity, it is 
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found that the magnetic disturbance D, which remains present in most of 
the days, is superposed on a regular daily variation-called the solar daily 
variation S. Each magnetic element of the earth's magnetic field is affected 
in a characteristic way by each of the variations S and D. The type and 
range of variations also vary throughout the year, showing a seasonal 
change and the range and indices of D also vary from year to year. 
The intensity of magnetic disturbance increases from low to high 
latitudes up to latitude of the auroral zones, i. e., about magnetic latitude 
65°. In the high latitudes, magnetograms are seldom completely 
undisturbed. Intense magnetic storms usually commence suddenly at almost 
the same instant all over the earth. In addition to large scale magnetic 
storms there are disturbances of much shorter duration, such as polar 
magnetic sub-storms and bays. Abrupt impulsive change (sudden impulses) 
may also occur and are often observed simultaneously all over the world 
and have also been detected in the magnetosphere. Variations with periods 
roughly from 0.1s to 10 min. are grouped together and called geomagnetic 
micropulsations [McPherron (1995), Jacobs (1970)]. 
1.5 Ultra Low Frequency (ULF) Waves 
1.5.1 History of ULF Waves: -
When physical systems experience perturbations, it is common for them 
to respond by emitting waves. For example, a sound wave in a gas (like the 
atmosphere) is produced by a change in pressure at the source of the wave. 
An electromagnetic wave in vacuum or in a dielectric medium can be 
created by driving a time-varying current in an antenna. 
In plasma, as in gas, we might expect to find waves that are similar to 
sound waves. A plasma is principally composed of charged particles that 
carry currents. So, its electromagnetic properties are of very much 
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importance, but plasma density and pressure are also relevant. As a 
consequence, plasma waves differ from both sound waves and 
electromagnetic waves. In any case, various properties of a transmitting 
system can be probed by measuring the properties like frequency, 
wavelength and polarization, of waves found within the system. 
Basically the combination of mechanical forces (present because of the 
gaslike properties of the plasma) and electromagnetic forces (present due to 
the charged particles) creates unique types of waves called 
magnetohydrodynamic (MHD) waves, which differ from waves found in 
neutral dielectric media. These are the lowest frequency waves that occur in 
plasma. The lowest-frequency waves have attracted considerable attention 
since last century. The study of ultra-low-frequency (ULF) waves in the 
earth's magnetosphere, also called geomagnetic micropulsations or just 
magnetic pulsations, cover roughly the frequency range from 1 mHz to 5 
Hz (period range 0.2 to 1000s). The amplitudes of ULF waves are 
sometimes large enough that they can be easily detected on the ground. For 
this reason, these waves have been known for more than 140 years, long 
before the ionosphere and the magnetosphere itself were even postulated. 
Indeed, early observations of ULF waves led to one of the first suggestions 
that electric currents must flow in the upper atmosphere. 
The first observations of ULF fluctuations of magnetic field, with 
amplitudes of several hundred nano-tesla, were made on the ground by 
Stewart in 1861. After about eighty years from his finding, Alfv'en (1942) 
independently established a fundamental theoretical concept for the 
hydromagnetic (HM) wave, commonly called the Alfv'en waves. Alfv'en 
indicated that, in a cold magnetized plasma (i.e., where plasma thermal 
pressure is much less than magnetic pressure), two modes of HM wave 
exist, the fast compressional mode and the shear Alfv'en mode (fransverse 
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HM wave). The fast compressional mode has J-8= 0, so it carries no 
current along magnetic field lines ( / i s current density and B is ambient 
magnetic field). However, the magnetic perturbation vector, b, has a 
component parallel to B, so the fast mode can transmit magnetic and 
pressure variations. On the other hand, the shear Alfv'en mode can carry a 
current along magnetic field lines, but the magnetic perturbations are 
always perpendicular to B, as b-B= 0, so the mode carries no pressure 
perturbations. The shear Alfv'en mode and its energy are always guided 
along the ambient magnetic field. The concept of the hydromagnetic waves 
pioneered by Alfv'en has contributed much to subsequent understanding of 
observed geomagnetic field oscillations [Kivelson (1995), McPherron 
(2005,1995), Southwood and Hughes (1983)]. 
The first understanding of the periodically oscillating magnetic fields 
observed on the ground came in 1954 when Dungey (1954a) proposed that 
they might be the result of shear Alfv'en waves propagating along 
geomagnetic field lines and reflected between the two perfectly conducting 
ionospheres. The behavior of shear Alfv'en waves in the magnetospheric 
plasma has often been considered analogous to the waves on a stretched 
string with the magnetic tension playing the part of the tension in the string, 
the plasma mass density playing the part of the density of string and the 
distance along the field between conjugate ionosphere playing the part of 
string length [Waters (2000), Kivelson (1995), Jacobs (1970), Sugiura 
(1961)]. 
Sources of ULF wave energy exist both inside and outside the 
magnetosphere (McPherron 2005). External sources directiy related to the 
solar wind include, for example, waves generated at the magnetopause by 
the Kelvin-Helmholtz instability [Ansari and Fraser (1986), Pu and 
Kivelson (1983), Southwood (1968)], flux-transfer events which occur at 
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the magnetopause when the interplanetary magnetic field has a southward 
component [Russell and Elphic (1979)], waves generated at the bow shock 
[Greenstadt et al. (1980)] and pressure pulses in the solar wind [Davison 
and Orr (1989), Southwood and Kivelson (1990)]. A variety of internal 
plasma instabilities can also generate ULF waves. Energetic trapped 
charged particles within the magnetosphere may interact with, and amplify, 
ULF waves through the bounce resonance instability [Dungey (1965), 
Hughes et al. (1978)] or the drift instability [Hasegawa (1969), Lanzerotti 
& Hasegawa (1975)]. Chen & Hasegawa (1991) have provided, fiirther 
general features of instabilities driven by ring current particles. 
Many studies have reported good correspondence between the 
signals recorded in the space by satellites and at the ground by 
magnetic observatories [Vellante et al. (2004), Sutcliffe and Luhr 
(2003), Takahashi et al. (1995)]. Based on the CHAMP satellite data, 
Liihr et al. (2009) have reported the dependence of change in 
amplitude of sudden commencement within the magnetosphere on the 
solar wind dynamic pressure and IMF orientation. They did not find 
any significant difference between the parameters of sudden 
commencement recorded by CHAMP satellite and observed at the 
ground. The good agreement between observations in space and on the 
ground supported that HM waves propagate from the magnetosphere to the 
earth's surface. These waves propagate in the magnetosphere both along the 
line of force (toroidal pulsations) and across the line of force (poloidal 
pulsations) [Kivelson (1995), McPherron (2005, 1995), Orr (1992), 
Southwood and Hughes (1983)]. A brief description of the generation of 
hydromagnetic waves, the sources of ULF waves (hm waves) within and 
external to the magnetosphere and their propagation and modification 
within the magnetosphere and ionosphere are given in the next chapter. 
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1.5.2 Classification of ULF Waves; -
The old classification, based on morphological properties, divided 
micropulsations (ULF waves) into three categories; namely (i) Continuous 
Pulsations (Pc) in which the pulsations with periods usually in the range 
from 10s to 60s and having amplitude of the order of one tenth of nano 
Tesla (nT) were placed. These were a series of pulsations lasting for many 
hours and the maximum occurrence frequency was during the morning 
hours, (ii) Pulsation Trains (Pt) which appear as several series of 
oscillations, each series usually lasting from 10 to 20 min. and the whole 
phenomenon lasting for not more than about an hour. These are usually 
having amplitudes greater than the order of 0.5 nT. The maximum 
occurrence frequency is at or before midnight and (iii) Giant pulsations 
(Pg) having a series of pulsations of large amplitude appearing only in or 
near the auroral zones. The period is longer than that of the Pc's and the 
duration is of the order of an hour or more (Jacobs, 1970). 
There was no unique classification until 1963. Interest in detailed 
systematic studies of pulsations, their distribution in time and space, the 
range of their frequencies, etc. grew significantly in the 1950's before the 
International Geophysical Year (IGY) 1957 and a subcommittee, consisting 
of J.A. Jacobs (Canada), Y. Kato (Japan), S. Matsushita (USA) and V.A. 
Troitskaya (former USSR), was set up by the International Association of 
Geomagnetism and Aeronomy (lAGA) to carry out the classification of 
geomagnetic micropulsations in 1963. This classification was reassigned by 
Saito (1975) and is reproduced in Table 1.2. 
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Table-1.2 Classification of Geomagnetic pulsations (after Saito, 1975) 
Type 
Continuous 
Pulsations 
(Pc) 
Irregular 
Pulsations 
(Pi) 
Notation 
Pel 
Pc2 
Pc3 
Pc4 
Pc5 
Pc6 
P i l 
Pi 2 
Pi 3 
Period Range 
(Seconds) 
0.2 - 5 
5 - 10 
10 - 45 
45 -150 
150 • 600 
>600 
1 • 40 
40 - 150 
>150 
Frequency Range 
(mHz) 
200 - 5000 
100 - 200 
22.2- 100 
6.7 - 22.2 
1.7 - 6.7 
<L7 
25 - 1000 
6.7 - 25 
<6.7 
1.5.3 Pc3-4 Magnetic Micropulsations: -
Pc3-4 geomagnetic pulsations are ultra low frequency 
magnetohydrodynamic (MHD) waves observed mainly in the dayside (04-
20 hr LT) magnetosphere [Saito (1969), Hughes (1994), Ghana et al. 
(2005)]. Many studies using ground station data demonstrated that the Pc3-
4 pulsations dominate in the dayside while Pc5 pulsations more dominantly 
occur near dawn and dusk [Cao et al. (1994), Ansari and Fraser (1986), Orr 
and Webb (1975), Gupta (1973, 1975)]. In general the source of these 
waves and the mechanisms of their propagation by which they are 
registered at ground stations are not thoroughly understood and still are in 
debate. It is believed that these waves can be generated either externally or 
internally with respect to the magnetosphere. Examples of the main 
external sources of Pc3-5 pulsations in the magnetosphere are the upstream 
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waves in the earth's foreshock, surface waves produced at the 
magnetopause by the Kelvin-Helmholtz instabihty and the global 
compressional mode or cavity mode resonance due to solar wind pressure 
variations [Cao et al. (1994)]. The internal generation occurs by means of 
plasma instabilities within the magnetosphere. To date there is no 
comprehensive theory of internal excitations that could explain the external 
control, which is compatible with observations and generally models for the 
external excitations are favoured (Ansari and Fraser 1986). 
Most of the daytime micropulsation activity in the Pc3-4 range (6.7-
100 mHz) is thought to be related to the waves generated upstream of the 
bow shock by energetic ions reflecting off the shock and creating 
conditions for the wave generation [Heilig et al. (2007), Vellante et al. 
(2004), Eastwood et al. (2005), Greenstadt et al. (1980), Yumoto and Saito 
(1983), Yumoto et al. (1984,1985), Wolfe et al. (1985)]. This region, 
external to the magnetosphere, provides fast mode wave energy that may 
propagate across the magnetopause and with small radial damping, can 
cross the plasmapause and penetrate deep within the magnetosphere. The 
correlation between the occurrence of these waves and values of the 
interplanetary magnetic field (IMF) cone angle 0XB, that is, the angle 
between the IMF direction and the Earth-Sun line, also supports the 
foreshock origin of these waves. A number of authors reported that the Pc3-
4 activity occurs predominantly when the cone angle of IMF is low (< 45°) 
[ Anderson et al. (1991), Greenstadt and Olson (1976,1979), Webb and Orr 
(1976), Russell et al. (1983)]. In the recent comprehensive study of ULF 
upstream waves observed in the topside ionosphere by CHAMP, Heilig 
et al. (2007) reported that the max. activity occurred at an IMF cone 
angle 22.5*'. Several studies have also showed that the signal frequencies of 
Pc3-4 pulsations recorded at ground are correlated with the IMF magnitude 
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[Troitskaya (1994), Greenstadt and Russell (1994), Troitskaya and 
Bolshakova (1988)]. Le and Russell (1996) found that the cone angle could 
also play a role in determining the frequency of upstream waves, although 
the IMF strength is the most important parameter that controls this 
frequency. Vellante et al. (2004) presented the analysis of the pulsation 
event observed simultaneously in space by CHAMP satellite and at the 
ground by south European magnetometer array SEGMA and reported 
that the frequency of compressional wave observed by CHAMP was 
very close to the expected frequency of upstream waves in the earth's 
foreshock according to the empirical relationship f (mHz) ~ 6 Bnvip (nT) 
[Russell and hoppe, 1981]. Yumoto (1985) compared the compressional 
wave frequencies in the magnetosphere with the energy distribution of 
reflected ions beams in the earth's foreshock recorded by the ISEE 3 
satellite and reported agreement with a model of upstream waves excitation 
by the ion cyclotron resonance mechanisms. These observations indicate 
that during small IMF cone angle, the upstream waves in the earth's 
foreshock whose frequencies are related to the magnitude of the IMF, can 
be convected through the magnetosheath and transmitted into the 
magnetosphere, where they propagate in the compressional mode and 
couple to the other hydromagnetic wave modes, e. g., trapped oscillations 
of fast magnetosonic waves in the Alfven trough, fundamental and higher 
harmonic standing oscillations of local field lines and are register in the 
deep magnetosphere and at ground stations as magnetic pulsations [Yumoto 
et al. (1985), Yumoto and Saito (1983)]. Based on the detailed study of Pc3 
events at an array between L=1.5 and 3 in central Europe, Vero at al. 
(1998) have found quick changes between upstream waves and field line 
resonance. 
Although the dependence of occurrence of Pc3-4 pulsations and their 
frequencies on the IMF cone angle and IMF strength is largely reported and 
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consequently strengthen the view of upstream of bow shock origin of these 
waves but several studies showed inconsistent results. Wolfe et al. (1980) 
and Takahashi et al. (1984) have reported that for the lower frequencies 
within the Pc3-4 range the IMF control is less pronounced. Yumoto et al. 
(1987) and Wolfe et al. (1987) also found a poor correlation between Pc3-4 
power and the IMF cone angle. The other possibility, also reported as 
principal source of daytime continuous Pc3-4 pulsations, is the well known 
mechanism of generation of surface waves by Kelvin-Helmholtz instability, 
i.e., by velocity shear instabilities at the magnetospheric boundary [Lepping 
and Burlaga (1979), Chen and Hasegawa (1974), Yumoto (1984), Kivelson 
and Pu (1984), Wu (1986)]. Yumoto et al. (1987) and Wolfe et al. (1987) 
observed correlation between the Pc3-4 pulsation power and the solar wind 
at the cusp latitudes and concluded that the Kelvin-Helmholtz instability is 
the dominant energy source at these high latitudes. Villante et al. (2000) 
suggested on the basis of their experimental studies in the polar cap that 
Kelvin-Helmholtz instabilities and upstream waves are the dominant 
sources for the Pc4 and Pc3 pulsations respectively. However, the 
amplitude of the observed pulsations at the low latitudes do not match with 
the expected damping rate of externally excited hydromagnetic waves in 
the magnetosphere and thus the occurrence of the pulsations at low 
latitudes is difficult to explain by this instability mechanism [Yumoto 
(1986), Southwood (1979)]. Furthermore as it is expected that the 
plasmasphere acts as a reflecting boundary for waves propagating in the 
outer magnetosphere, it is difficult to comprehend how significant wave 
energy can'penetrate the plasmapause in order to couple to resonant field 
lines within the plasmasphere [Rao (1992), Lanzerotti et al. (1981)]. Many 
authors have also reported inconsistent results with Kelvin-Helmholtz 
instability model for high latitude Pc3-4 pulsations [Lauretis et al. (2005), 
Howard and Menk (2005), Ziesolleck et al. (1997), Engebreston et al. 
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(1986)]. Engebreston et al. (1986) suggested that the possible role of 
Kelvin-Helmholtz instability might be in the amplification of the already 
exiting waves as they are convected and transmitted through the dayside 
magnetosphere. 
In addition, Kivelson and Southwood (1985) suggested that the global 
compressional mode resonance caused by variation in the solar wind 
pressure might be the other possible source of these Pc3-4 waves. The 
impulsively stimulated compressional hydromagnetic cavity resonance can 
drive local field line resonance where the magnetospheric cavity 
eigenfrequency matches to that of the uncoupled torsional field-line 
oscillations [Kivelson and Southwood (1985, 1986), Allan et al. (1985, 
1986), Lee and Lysak (1989)]. A significant compressional component in 
the signals ensures that energy can flow deep inside the magnetosphere. 
Zhu and Kivelson (1989) described three solutions of global mode 
oscillations and with one of them they suggested that the tunneling type of 
global mode might be particularly relevant to the generation of low latitude 
geomagnetic pulsations because it allowed perturbations at the 
magnetopause to excite hydromagnetic waves inside the plasmasphere. 
Krauss-Varban and Patel (1988) pointed out, in their observation of signals 
with significant amplitudes and identical frequencies at geomagnetic 
latitudes from 23° to 45°, that although field line resonances excited by 
coupling to the global compressional mode are most likely to occur near the 
plasmapause but the same resonant fi-equency might prevail throughout the 
whole plasmasphere. Discrete, latitude dependent field line resonances with 
suitable fi-equencies have been reported by Samson et al. (1991, 1992) in 
magnetometer and radar data at high latitudes and interpreted as evidence 
of magnetospheric ULF waveguide modes. Samson et al. (1995) and 
Waters et al. (2000) also considered a waveguide model to explain the fine 
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Structure of low latitude Pc3-4 pulsations. Although the theoretical basis for 
cavity modes has been established by many authors [Kivelson and 
Southwood (1985, 1986), Zhu and Kivelson (1989), Wright (1994), 
Samson et al. (1995), Waters et al. (2000)], the experimental evidence for 
these kinds of modes is sparse [Waters et al. (2002), Howard and Menk 
(2005)]. 
The waves generated in the magnetosphere by internal sources 
appear in the evening and night-side magnetosphere and are associated 
mainly with a sudden formation or intensification of magnetospheric 
substorm [Saito et al. (1976), Takahashi and Liou (2004)] and/or drift of 
ring current hot ions in storm time [Hasegawa (1969)]. There are also Pc4 
pulsations generated by unstable particle populations in the magnetosphere 
[Hughes et al. (1979)], but they are unlikely to be observed with ground 
magnetometers due to the ionospheric screening effect [Hughes and 
Southwood (1976), Takahashi et al. (2005)]. To date there is no 
comprehensive theory of internal excitation that could explain the external 
control, which is compatible with observations [Greenstadt et al. (1980), 
Ansari and Fraser (1986)] and generally models for the external excitation 
of Pc3-4 waves are favored. 
The diurnal and seasonal variation of period and fi-equency of 
Pc3-4 waves recorded at ground stations and their dependence on latitude 
and geomagnetic indices Kp are also of much importance in identification 
of source and propagation modes of these waves. Several studies in this 
direction have been carried out in the last four decades by many 
investigators, both experimentally [Arthur and McPherron (1977, 1981), Cz 
Miletits and Stuart (1988), Ansari and Fraser (1985,1986)] and theoretically 
[Southwood (1974), Chen and Hasegawa (1974), Yumoto et al. (1984, 
1985), Kivelson and Southwood (1985), Waters et al. (2000)]. Vero and 
Hollo (1983) have studied a summary of results on the comparison of 
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pulsation data from the satellite ATS-6 and the surface station Nagycent for 
a year and found that in spite of the difference in L-value, strong 
similarities were observed. Vero et al. (1991) have reported that at low 
latitude, the pulsation activity was different in spectrum from the mid-
latitude ones. Vero et al. (1992) have also compared pulsations data from 
equatorial and mid-latitude stations. They found that similar to the results 
obtained in India (L ~1.1), Pc3 pulsations were practically absent, and a 
few Pc4 events were better correlated with the higher latitude station than 
with the lower latitude one. These studies indicated that the pulsation 
periods change in very complicated manner with the geomagnetic latitudes. 
The theoretical models proposed to date are not able to frilly explain all the 
observation facts [Cz Miletits et al. (1990)]. It is also worth noting that the 
major part of geomagnetic pulsation studies have concentrated on data 
obtained from satellites and also from ground stations at middle and high 
latitudes, while the very low latitudes and deep equatorial regions have 
received less attention. At very low latitudes, a significant fraction of 
geomagnetic field lines are contained within the ionosphere and may be 
influenced by it. Thus the pulsation properties at these latitudes lead to 
different characteristics from those at higher latitudes [Shinohara et al. 
(1998), Trivedi et al. (1997), Yumoto (1986), Saka and Kim (1985)]. 
As reviewed in this chapter, the characteristics of the very low and 
equatorial latitudes Pc3-4 pulsations (specially Pc4 waves) and their 
generation and propagation mechanisms are not well understood. Therefore 
to understand the generation and propagation mechanisms of these very low 
latitude Pc3-4 waves, it is important to study the characteristic properties of 
Pc3-4 waves in these regions extensively. In this connection the present 
thesis shows the results of our analysis for the properties of Pc 4 waves 
recorded at very low latitudes in India. 
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1.6 Organization of Thesis: -
The present thesis is devoted to the study of diurnal and seasonal 
variation of occurrence and frequency of Pc4 waves, based on the data 
recorded using three axis flux gate magnetometer array at the three stations 
Pondicherry, Nagpur and Hanle at very low and near equatorial latitudes in 
India for the period 01 January to 31 December 2005. The results reported 
are new and have not been reported earlier. The thesis is organized in seven 
chapters. As already seen, Chapter 1 is the introduction. In Chapter 2, the 
generation of hydromagnetic waves, their sources and propagation and 
modification within the magnetosphere and ionosphere are briefly 
discussed. The data used for analysis were recorded by the magnetometer 
array, established and operated by Indian Institute of Geomagnetism (IIG), 
Navi Mumbai. The coordinate details of these stations, schematic 
representation of their locations and the analysis procedure for diurnal and 
seasonal variations in occurrence and frequency are briefly summarized in 
Chapter 3. In Chapter 4, the results of the analysis of diurnal and seasonal 
variation in the occurrence of these very low latitude geomagnetic Pc4 
pulsations during the whole year 2005 are presented. The results of the 
analysis of diurnal and seasonal variation in the frequency of these low 
latitude Pc4 geomagnetic pulsations during the whole year 2005 are 
reported in Chapter 5. The relation of Pc4 pulsation occurrence with solar 
wind velocity and its dependence on magnitude of interplanetary magnetic 
field are also analysed and reported in chapter 6. Discussion and conclusion 
of results is presented in Chapter 7. 
1 http://www.oulu.fi\~spaceweb\textbook\ga.html 
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Theory of Ultra Low Frequency Waves 
Chapter 2: Theory of Ultra Low Frequency Waves 
2.1 Introduction: -
It is generally agreed that ultra low frequency waves (magnetic 
pulsations) are caused by hydromagnetic waves that may be generated as a 
result of different types of plasma instabilities in the magnetosphere or on 
its boundary in a very complicated manner. In the current chapter, the 
generation of hydromagnetic waves, their sources within and external to the 
magnetosphere and their propagation and modification within the 
magnetosphere and ionosphere are briefly discussed. A very good summary 
of these topics, with references to the most important publications dealing 
with ULF waves, has elegantly been reported by McPherron (2005) and by 
Southwood and Hughes (1983) and also presented in the books, 
"Introduction to Space Physics", edited by M.G. Kivelson and C.T. Russell 
(1995) and "Geomagnetic Micropulsations" by Jacobs (1970). The 
informations provided in this chapter are mainly reproduced from these 
publications and the references therein. 
2.2 Generation of Ultra Low Frequency Waves: -
Any process that modifies the equilibrium of the plasma and the 
magnetic field can serve as an energy source for waves. Plasma is highly 
ionized low-density gas threaded by a magnetic field. H. Alfv'en showed 
in 1942 that in a steady magnetic field, waves of low enough frequency 
could propagate in fluids of high electrical conductivity (plasma). The 
direct confirmation of the existence of the waves was difficult to obtain, as 
they decay rapidly in most laboratory situations. The situation, however, is 
very different in problems of cosmic physics because of the enormous 
dimensions involved and one can experience these waves, as the decay rate 
can be small at these large spatial scales. Alfv'en showed that at 
sufficiently low collision frequency, the charged particles simply gyrate 
around the magnetic field and travel along it. Any force that moves the 
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charged particles also moves the magnetic field and vice versa. In this 
situation the field and plasma are "fi-ozen together". At low fi-equencies 
electric field E and plasma flow velocity V are related by 
E=-VxB 
v^ h^ere B is magnetic field flux density. 
So v^ 'ith the low fi-equency approximations, Faraday's law takes the form 
=r / - -;r\ a J xiv XB)= 
dt 
and can be used to show that any two particles initially connected by a field 
line which move with velocity V (perpendicular to B) remain connected 
by the field line. 
Alfv'en's model for wave generation is summarized in Fig. 2.1 (Alfv'en 
and Falthammar, 1963). Consider an infinite volume of fully ionized 
hydrogen. As shown in Fig. 2.1(a), imagine that a force is applied to the 
plasma perpendicular to B displacing a rectangular section of plasma with 
velocity V. As the charges begin to move they experience a Lorentz force 
F = q\^xB), where q is the charge in Coulombs. The electrons move to the 
left side of the moving slab, and the protons to the right side as shown in 
Fig. 2.1(b). This polarization of the charges creates an electric field E 
orthogonal to both V and B. If the slab were in a vacuum, the charges 
would be trapped at the edges of the column and the force of the electric 
field would eventually stop any fiirther transfer of charge. At this point the 
electric force would be equal and opposite to the Lorentz force so that, 
ql^-qfx'B) 
or £ = ( F X 5 ) 
However, in a plasma the charges can flow through the surrounding fluid in 
an attempt to neutralize the polarization. This charge motion creates an 
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electrical current density J as shown in the Fig. 2.1(c). As this current 
flows across the magnetic field above and below the moving slab, it exerts 
a force on the gas, F = (7 x^j. The direction of the force is the same as the 
initial motion of the slab. As a result, the plasma above and below begins to 
move. 
(c) X9 
up 
- • T w 
M^J--' 
(d) ^B (e) 
(.J^> (- V 
Fig. 2.1: The generation of an Alfv'en wave by displacing a slab of 
plasma threaded by a magnetic field (Alfven and Falthammar, 1963). 
[Taken from McPherron (2005)]. 
Similarly these two moving slabs above and below the initial slab 
become polarized, driving currents that cause slabs further above and below 
the initial slab to start moving as seen in the Fig. 2.1(d). Clearly, the initial 
disturbance is propagating in both directions along the magnetic field away 
from the initial disturbance. The displacement of the slab distorts the 
magnetic field that is frozen into the plasma, which is clear from the Fig. 
2.1(e). A tension develops due to bending of field, which causes a restoring 
force that brings the slab to a stop and then returns it towards its initial 
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location. As this happens the moving slabs above and below^ the initial slab 
distort the field line in the same way so that two pulses appear to propagate 
away fi*om the origin as illustrated in Fig. 2.1(f). These pulses are called 
AlfV'en waves. 
MHD waves are found as solutions to the basic fluid equations, 
Maxwell's equations and Ohm's law. In a magnetized plasma the two 
electromagnetic waves are coupled to the sound wave by the "frozen in" 
magnetic field, and there are three solutions to the basic equations. A low 
frequency approximation to the basic equations is called 
magnetohydrodynamics (MHD). The wave solutions to these equations are 
called MHD waves. The fluids equations are 
^p + V-{pv)=0 
ot 
— V = -Vp + JxB 
dt 
— = constant 
(Equation of continuity) 
(Equation of motion) 
(Equation of state) 
(1) 
(2) 
(3) 
Here, p is the plasma density, V is the velocity, p is the pressure, / i s 
current density, B is the magnetic flux density and ;' is the ratio of specific 
heats. The Maxwell's equations are: 
V • £ = — (Gauss law in electrostatics) (4) 
V • 5 = 0 (Gauss law in magnetostatics) (5) 
VxE = -—B (Faraday's law) (6) 
dt 
dr. V X 5 = //„ /+//(,&(,— £• (Ampere's law) (7) 
dt 
In the problems of cosmic physics with low fi-equency approximations, 
displacement currents are negligible in comparison to conduction current. 
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So the second term proportional to the electric field can be dropped. Thus 
we get, 
WXB = JUQJ (Ampere'S law in MHD limits) (8) 
Here, Eg and JUQ^^ ^^^ permittivity and permeability of free space, 
respectively. 
Also, Ohm's law in the fi-ame in which the plasma velocity is measured 
can be written as 
J = o-( i+Fxi) (9) 
where o- is the electrical conductivity. 
Let us assume that the plasma is initially at rest, which means that there 
are neither flows nor electric fields, and also assume that no currents are 
flowing. The wave perturbations introduce finite but small £•, wand J . The 
magnetic field, mass density and pressure also changes. So the velocity of 
plasma and magnetic field can be written in terms of initial (background) 
values and small perturbations as 
V = 0 + u, B = 3o+b, 
Similarly the density and pressure can be written as 
p = Po+Sp, and P = Po+4> 
All of the perturbed quantities, b, Sp, 5p,u, E = -uy.B and J = Vxb/jUf^ 
are assumed to be small enough that only terms linear in any of them are 
retained and squares or high powers and cross products will be dropped. 
Putting these expressions into the preceding equations and after several 
substitutions and algebraic manipulation, we get a set of four equations. 
A ^ = -V/^  + -[(vx^)x5o] (10) 
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Wp = Vp = r~^Sp (11) 
Sp + p^ 
dt 
'o(v-")=0 (12) 
~b = (Bo-vfi = Bo^-u) (13) 
For a plane wave propagating with wavelength X and frequency f, all 
oscillating quantities can be taken as proportional to 
„ik-r ^~i(ox ik-r-iax 
e e = e 
where k^lnlX, is the wave number and (a = lnf,\.s. the angular 
frequency of the wave and r is the position vector. Again by substituting 
and simplifying, we get a set of four algebraic equations. These four 
equations can be solved obtaining a single vector equation for the velocity 
perturbation of the plasma. This equation is 
CD^u-x—^k[k-uj 
Po MoPo 
5o^ kyc • uj- Bo (^  • ujic • Bo)- kl^ • Bo J^o • M) 
\k-^oJu 
= 0 
(14) 
For simplifying this equation we can choose a special coordinate system 
in which the magnetic field Bo lies along the z-axis, and the wave number 
k = kn with n the direction of propagation, lies in the y-z plane along the 
unit vector « at an angle 0 to the z-axis and can also choose two 
characteristic velocities. First s^^yiPolPo) is the square of the sound 
speed and the second is the square of the Alfv'en velocity given as 
V^ =B^jji^p. By taking these choices, the equation (14) gives a vector 
equation corresponding to the three elements of the plasma velocity u and 
by expressing it in matrix form, the equation appears much simpler as 
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''co^ 3 - F / c o s ' ^ 
-s^ s\n6co$6 
- 5 ^ sin ^ cos ^ 
^u^ 
\"zJ 
= 0 
(15) 
J 
This SQi of equations has three solutions corresponding to three different 
modes of wave propagation. The first wave is the Alfv'en wave, also called 
shear Alfv '^en wave, transverse or guided mode. It has only an x-component 
of the perturbation velocity (i.e. Ux ?^  0, & Uy = Uz =0) orthogonal to the 
plane containing the ambient field and the direction of propagation. In this 
condition the first equation requires that 
or 
^ - F / c o s ^ ^ = 0 
F„, =—^ = V^ COS G (16) 
where V^^, -V^cosO is phase velocity of shear Alfv^ 'en wave. The wave 
energy propagates along the direction of the Poynting flux vector: 
Mo 
This direction will be along the ambient field (tB^) in the shear Alfv'en 
wave. Thus the shear Alfv'en wave propagates with the phase velocity 
V^ cosO and sets the fluid into motion in the direction perpendicular to the 
plane containing the propagation vector ^and the background fields,,. As 
the wave magnetic perturbation is transverse to the ambient field so the 
magnetic pressure does not change in the wave and also the wave Poynting 
flux is always along Bg and thus the ambient magnetic field strictly guides 
thh energy flow and information contents. 
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The other two wave modes are coupled. One has a speed that is fast 
compared to the shear Alf^'en wave, and the other has a speed that is slow. 
The fast wave or compressional wave is a combination of pressure and 
magnetic field fluctuations. When the fast wave propagates perpendicular 
to the background field it is seen as alternating compressions and 
rarefactions of both the field and plasma density. The Poynting flux vector 
is in the direction of propagation (at an arbitrary angle relative toJ,,). Thus 
Fig. 2.2: Relationship between the directions of the ambient magnetic 
field, Bo, and the hydromagnetic wave parameters for (a) a fast mode and 
(b) a shear Alfv'en mode in a uniform, cold plasma (Dungey, 1968). 
[Taken from Southwood and Hughes (1983)]. 
the fast (compressional) mode-wave can carry energy flow and information 
contents in any direction. The dispersion relation of fast wave is 
(17) 
The slow wave is closest to being a pure sound wave. Each of these 
waves has unique polarization properties with the electric, magnetic, and 
plasma velocity fluctuations being oriented in different directions relative 
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to the direction of wave propagation and background field. Fig. 2.2 
illustrates the differences in polarization of the fast and shear Alfv'en 
modes in a uniform, cold plasma (Dungey, 1968), [Taken from Southwood 
and Hughes (1983)]. 
In general, the ULF waves seen at the ground originate in space as 
either fast mode, or shear Alfv'en mode, or a combination of the two. They 
propagate along or across the magnetic field until they reach the 
ionosphere. At the ionosphere they drive electrical currents that radiate pure 
electromagnetic waves into the neutral atmosphere. Thus magnetic 
pulsations measured on the ground are MHD waves converted to purely 
electromagnetic waves in the ionosphere. 
2.3 Sources of Ultra Levy Frequency Waves: -
Ultra low frequency waves measured on the ground originate outside 
the magnetosphere as well as in various regions of the magnetosphere by a 
variety of physical processes. As for most magnetospheric phenomena, the 
energy comes principally firom the solar wind, but other energy sources in 
the ionosphere or internal to the magnetosphere can be important. A brief 
description of these sources is given in the following subsections. 
2.3.1 External Sources of ULF Waves: -
The ULF waves can be generated by different sources outside the 
magnetosphere. One of them is the solar wind, particularly for waves at low 
frequencies around 1 mHz (Belcher and Davis, 1971). Some of these waves 
originate at the Sun and are both carried by, and propagate through, the 
solar wind. There is variation in the dynamic pressure of the solar wind as a 
consequence of quasiperiodic variations in its density found many times. 
These pressure changes cause the magnetosphere to expand and contract 
creating global changes in the internal magnetic field. Kepko et al. (2002) 
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showed that the spectrum of the dynamic pressure has multiple peaks at 
frequencies including f = 0.4, 0.7, 1.0, and 1.3 mHz. The simultaneous 
spectrum of the total field at synchronous orbit is virtually identical. The 
authors reported that these waves may have originated at the Sun as 
pressure waves caused by granulation, and not in a magnetospheric 
waveguide as has sometimes been suggested (Samson et al., 1991). 
The ion foreshock is another external source of ULF waves seen in 
the magnetosphere. Ion beams are found upstream of the quasi-parallel 
shock and interact with the coming solar wind plasma to produce large 
amplitude waves, called upstream waves as shown in Fig. 2.3 [after Russell 
and Hoppe (1983), taken from Russell (1995)]. 
FORESHOCK 
LOW FREQUENCY WAVES 
Fig. 2.3: A variety of low-frequency waves stimulated by back-streaming 
ions and electrons [From Russell and Hoppe (1983)]. 
As the ions move upstream they interact with the solar wind producing 
waves with frequencies that depend on the strength of the solar wind 
magnetic field (Russell and Hoppe, 1983). These waves propagate very 
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slowly relative to the speed of the solar wind so they are swept downstream 
towards the bow shock. It is not well understood that how the various ion 
distributions are produced but the properties of the waves depend on the 
nature of the ion distributions (Hoppe et al., 1982). 
Another external source of ULF waves is the bow shock. Shocks are 
places where the plasma and field go through dramatic changes such as 
change in density, temperature, field strength and flow speed. These 
changes, combined with the coUisionless nature of the space plasma and the 
wide variety of wave modes, produce different shock waves. The bow 
shock is a fast mode wave standing in the solar wind (Russell, 1985). As a 
sharp discontinuity in space, it is made up of waves with many different 
frequencies. The structure of bow shock was found to be sensitive to the 
direction of interplanetary magnetic field. When the interplanetary 
magnetic field is almost aligned with the direction of propagation of the 
shock, i. e., the shock normal, the shock is said to be parallel shock. When 
the magnetic field is perpendicular to the shock normal, it produces a 
perpendicular shock. The parallel shock is a source of ULF waves that 
propagate downstream and, under certain circumstances, can enter the 
magnetosphere (Greenstadt 1985). The entrance of these waves as well as 
upstream and solar wind waves depends on the values of interplahetary 
magnetic field (IMF) cone angle 9XB, that is, the angle between the IMF 
direction and the Earth-Sun line. When the cone angle of IMF is low (< 
45°) then the upstream waves and the parallel shock are located on the 
dawn side of the Earth. Waves from this region will be swept downstream 
through the shock and into the magnetosheath [Russell et. al. (1983), 
Takahashietal.(1981)]. 
In addition to these sources the magnetopause, in connection with the 
solar wind parameters, is also a source of several types of ULF waves. 
Increase or decrease in pressure of solar wind will strengthen or weaken the 
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magnetopause current and move this current closer or out to the earth. This 
v^ 'ill globally increase or reduce the magnetic field inside. The step like 
changes in the dynamic pressure also creates conditions, vi^ hich are also 
responsible for the observed magnetic impulses on the ground. 
2.3.2 Internal Sources of ULF Waves: -
Other than the external sources, ULF waves can also be generated by 
a variety of internal plasma instabilities. The charged particle distributions 
that provide the energy tend to control the frequencies of these waves. In 
general there are three periodicities associated with charged particles 
trapped in the dipole geomagnetic field; gyro frequency, bounce fi-equency, 
and longitudinal drift fi-equency. These depend on the energy and equatorial 
pitch angle of the particles. Instabilities, corresponding to these frequencies, 
are the cyclotron instability, the bounce resonance instability, and the drift 
instability. Gyro resonance (or cyclotron resonance) applies to the situation 
where a circularly polarized wave and a charged particle rotate (gyrate) 
about the magnetic field at the same frequency. Because the electric field of 
the wave and the particle velocity maintain a constant angle with respect to 
each other, the field is able to exert a force on the charge for a long interval. 
This allows energy transfer to occur (Brice, 1964). The direction of the 
energy flow depends on the relative angle. Cyclotron resonance between a 
left circularly polarized wave and protons is the mechanism that creates Pc 
1 magnetic pulsations (0.5-5 Hz) in the magnetosphere. 
The drift-bounce resonance mechanism is also an important internal 
source of ULF waves. The waves are generated by particles energy as the 
particle distributions give up some of their energy through the generation of 
waves [Southwood and Kivelson (1982), Hughes et al. (1978)]. Other 
processes also produce waves in the magnetosphere like the earthward 
directed flows that occur in the plasma sheet during substorms. These flows 
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are transient with durations of a few minutes and localized in azimuth to a 
few earth radii. AlfV'en waves are radiated by these flows that travel to the 
auroral ionosphere where they are reflected and travel back to interact with 
the flow. This process is thought to create Pi 2 waves. These ULF waves 
are always associated with the onset of substorms, and intensifications of an 
ongoing substorm. 
2.4 Propagation of Ultra Low Frequency Waves; -
The ULF wave energy generated outside the magnetosphere 
penetrates the magnetopause and passes through the deep magnetosphere 
and are registered at the ground. Theories have been developed to describe 
how these wave disturbances at the magnetopause boundary pump energy 
into the magnetosphere cavity. In fact the wave energy transformed through 
the magnetosphere undergoes several modifications before reaching the 
ground. 
2.4.1 Field Line Resonance: -
The ULF wave energy that enters the magnetosphere from outside is 
generally thought to be transformed by two processes. One is called field , 
line resonance and the other cavity resonance. Southwood (1974) and Chen 
and Hasegawa (1974) independently developed the field line resonance 
(FLR) theory. With an extremely simplified magnetospheric model, made 
up of straight magnetic field lines with the same length along the z-axis and 
a plasma density varying along the x-axis only, Southwood analyzed the 
FLR effects. In this theory, it was assumed that the source of FLRs is a 
monochromatic surface wave generated at the equatorial magnetopause, 
probably through the Kelvin-Helmholtz instability, i.e., by velocity shear 
instability. It is thought that the streaming of the solar wind around the 
magnetopause excites this K-H instability (see left side of Figure 2.4). The 
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polarization of surface waves excited via the K-H instability indicates left-
hand (LH) oscillations at dawn and right-hand (RH) oscillations at dusk. 
DAWN 
Surface Wbve 
DUSK 
Fig. 2.4: (left) The polarization of surface waves driven by the Kelvin-
Helmholtz instability [from Hughes (1994)], (right) Schematic picture of 
field line resonance coupled with the surface wave [taken from Glassmeier 
(1995)]. 
Such a surface wave propagates into the magnetosphere perpendicular to 
the ambient magnetic field and its amplitude would decay exponentially 
with distance from the magnetopause. As a result, a local resonant file line 
oscillation occurs at an L-shell where the period of the surface wave is 
matched to the field line eigenperiod (see right side of Figure 2.4). 
In general, any process, either externally generated or internal to the 
magnetosphere, which displaces a field line can excite field line resonances. 
Field lines of the earth's dipole behave like vibrating strings as illustrated in 
Fig. 2.5. The ends of the field lines are frozen in the conducting ionosphere 
and cannot move, yet they can bend. Although, there is no force orthogonal 
to the field lines in their equilibrium positions but a tension force develops 
when the field line is displaced by some process. This tension tries to 
restore it to its equilibrium shape but the field line picks up momentum due 
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to the loaded gyrating particles and cross the equilibrium. The field line 
thus oscillates until other processes cause damping. 
There are two primary modes of oscillation of a dipole field line 
(Southwood and Hughes, 1983). The toroidal mode is a displacement in the 
azimuthal direction creating an azimuthal magnetic perturbation, as shown 
in the right panels of Fig. 2.5. The poloidal mode is a radial displacement 
with radial magnetic perturbations as shown in the middle panels. Either 
mode may oscillate with different harmonics. The fundamental harmonic 
depicted in the top row contains an odd number (one) of half wavelengths 
between the ends of a field line. The second harmonic in the bottom row 
contains an even number (two) of half wavelengths. Many different 
harmonics may be simultaneously excited when the field line is excited by 
a broadband source. 
D : Antiparaliel 
c ' - l - ' . 
H ; Antiparalte! D: Parallel 
Fig. 2.5: The stretched field lines of earth's magnetic field like stretched 
string (left), radial (center) and azimuthal (right) oscillations in the dipole 
field lines [Sugiura and Wilson (1964), Taken from McPherron (2005)]. 
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Since the azimuthal perturbations do not change the field magnitude or 
cause plasma density changes, the toroidal mode of field line resonances is 
most commonly observed in space. Also, field lines azimuthally adjacent to 
the vibrating line can vibrate in phase with the initially disturbed line as 
they have nearly the same resonant frequency. In fact, these properties 
identify this mode as the Alfv'en wave. 
The poloidal mode is harder to excite because field lines are oscillating 
in a radial direction and radially adjacent field lines have different 
frequencies. So, the adjacent field lines will oscillate out of phase and there 
will be compressions and rarefactions of the field. This mode of field line 
resonance corresponds to the fast mode. 
2.4.2 Cavity or Wave Guide Mode: -
Usually, Kelvin-Helmholtz instability could generate unstable 
waves with a rather broad spectrum, so that the period of the excited FLRs 
should have a continuous spectrum. However, characteristics of most of 
pulsation events having only certain discrete period(s) lead to the 
development of new mode of wave transmission. Kivelson et al. [1984] 
introduced the concept of standing global compressional modes to explain 
the discrete (or monochromatic) pulsation spectrum. The existence of such 
global compressional hydromagnetic modes in the magnetosphere was first 
suggested by Dungey [1954b]. Later, Kivelson and Southwood [1985, 
1986] developed the global cavity mode theory. It was thought that the 
boundaries within the magnetosphere form cavities that may also resonate 
in response to external excitation. If the magnetosphere is thought like a 
spherical cavity, it can be easily seen that the region between the 
magnetopause and the plasmapause forms a complex, doughnut-shaped 
cavity. This cavity will have normal modes with standing waves, structured 
between the magnetopause and the inner turning points (TP) as shown in 
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Fig. 2.6, where the plasmapause, low-latitude boundary layer, 
magnetosheath and bow shock are indicated as PP, LLBL, MS and BS 
respectively. The oscillations produced will be both radial and azimuthal, as 
well as along the field lines. The fact that the magnetospheric cavity is open 
in the tailward direction led to the extension of the cavity mode model into 
a waveguide model [Samson et al. (1992)]. Waves can 'stand' radially, but 
will propagate azimuthally and be lost down the tail. 
Magnetopause 
Damping Region 
View of Equatorial Plane 
Fig. 2.6: Cavity modes throughout the dayside magnetosphere produced by 
a compression of the nose of the magnetosphere (a), [from Kivelson, 1995]. 
Conceptual model for the generation of standing modes in the equatorial 
magnetosphere (b) [Harrold and Samson', 1992]. 
Since the magnetospheric cavity as a whole oscillates at its own 
eigenperiods, it behaves like a filter for an original broadband energy 
source applied to the magnetosphere. The field lines whose eigenperiods 
match one of the cavity eigenperiods, couple to the cavity mode and 
resonate strongly, in just the same way as the coupling with the surface 
wave. Several studies demonstrated the cavity mode nature of magnetic 
pulsations using satellite and ground station data (Takahashi et al. 
1995). Sutcliffe and Liihr (2003) reported good correlation between the 
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H component recorded at ground station observatory at Sutherland 
and the compressional and poloidal components recorded by CHAMP 
satellite and discussed it as the indicative of a cavity mode resonance 
nature of low latitude Pi2 magnetic pulsations. 
Although the concept of the waveguide/cavity modes has been widely 
applied as a driving mechanism to explain observed long-period 
geomagnetic pulsations, but there is a lack of strong observational evidence 
for the existence of global compressional waves quantized at certain 
discrete frequencies. The real magnetosphere is extremely complex because 
of the asymmetric magnetic field with strong gradients in the field and 
plasma in every direction. In addition, its dimensions are continually 
changing in response to the solar wind so the cavity properties are always 
changing. These facts have made it difficult to demonstrate conclusively 
the existence of cavity modes experimentally and made doubt about the 
validity of the waveguide/cavity model [Samson et al. (1991), Kivelson et 
al. (1997)]. 
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3.1 Introduction: -
Magnetic pulsations can be observed in a number of ways. The 
most commonly used techniques are the foUowing-
(i) The magnetic components of the fluctuations are measured 
employing rapid run magnetometers. These include the flux gate 
and Rb-vapour magnetometers. 
(ii) The time derivative of the magnetic components of the variations is 
recorded using induction coils, 
(iii) The potential difference induced by pulsation magnetic field 
between the electrodes buried in the earth is measured. 
The application of ground-based magnetometer arrays has proven to be 
one of the most successful methods of studying the spatial structure of 
hydromagnetic waves in the earth's magnetosphere. With a few exceptions, 
the Pc4 studies undertaken in the past have been confined to middle and 
high latitudes. The spatial and temporal variations observed in wave 
occurrence and frequency distribution are of vital importance because they 
provide evidence which can be directly related to wave generation 
mechanisms both inside and external to the magnetosphere and propagation 
modes inside the magnetosphere. The spatial and temporal characteristics 
of Pc4 pulsations, specially diurnal and seasonal variation of occurrence 
and frequency at low latitudes, have received very little attention in the past 
and need to be analysed extensively to understand the generation and 
propagation mechanisms of these waves [Ansari et al, 2009(a)]. 
3.2 Data and Analysis: -
The investigations and results reported in the present thesis are based 
on digitized geomagnetic data recorded at three Indian stations. 
Geomagnetic data of X (north-south), Y (east-west) and Z (vertical) 
components of earth's magnetic field for the duration of the study (01 Jan. 
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2005 to 31 Dec. 2005) were recorded using three axis flux gate 
magnetometer array (Pathan et al. 1999) at the stations Hanle, Nagpur and 
Pondicherry with one second sampling interval. The stations were situated 
at almost along the same longitude and at different very low latitudes in 
India. By analysing the data from these stations, lying along the same 
longitude, we can observe the latitude dependence of the occurrence and 
frequency variation of pulsation events. The magnetometer array was 
established and operated by Indian Institute of Geomagnetism (IIG), Navi 
Mumbai. The coordinate details of these stations and the schematic 
representation of their locations are shown in Table 3.1 and Fig. 3:1 
respectively. Time is always stated in UT such that Indian Standard Time 
(1ST) = UT + 5:30 hr [Ansari et al., 2009(a)]. 
The analysis of temporal and spatial variations of the Pc4 pulsations 
involved several steps. The data, which were calibrated in all respects, are 
used for carrying out this analysis. The geomagnetic X, Y and Z 
components of the recorded time series at one second interval were filtered 
using a zero-phase shift sixth order Butterworth type "band pass" filter for 
the frequency ranges 5-40 mHz (Otnes and Enochson, 1978). Initially, the 
dynamic spectra of frill day were constructed. These dynamic spectra 
enabled us to identify the pulsation events. We have detected the 
pulsation events at all the stations on different dates [Ansari et al., 
2009(a)]. Most of the events were detected in the 10 mHz to 30 mHz 
frequencies ranges. The tables 3.2, 3.3 & 3.4 depict the pulsation 
events, with time range and frequency range, detected in the month of 
Jan.-05 for Nagpur, Hanle and Pondicherry recording stations 
respectively and Fig. 3.2(a), Fig.3.2 (b) and Fig, 3.2(c) provide examples 
of dynamic spectra of frill day for 19"' Nov. 2005 at Nagpur, Hanle and 
Pondicherry respectively [Ansari et al., 2009(b)]. 
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Fig. 3.1: Schematic map representing the locations of the three recording 
stations. [After Ansari et al., 2009(a)] 
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Table 3.1;Coordinate details of recording stations [After Ansari et al., 2009(a)] 
Recording stations 
Pondicherry (PON) 
Nagpur (NAG) 
Hanle (HAN) 
Geographic co-ordinates 
Long. °E Lat. °N 
79.92 
79.00 
78.97 
11.92 
21.10 
32.78 
Geomagnetic co-ordinates 
Long. °E Lat. °N 
151.97 
151.93 
151.89 
02.50 
11.72 
23.38 
Table-3.2: Pulsation events found at Nagpur (Jan.-05) 
Date 
01-01-05 
02-01-05 
05-01-05 
06-01-05 
08-01-05 
10-01-05 
11-01-05 
24-01-05 
27-01-05 
28-01-05 
29-01-05 
31-01-05 
Time range 
4 
(x 10 sec) 
6.0-7.0 
5.2-6.0 
5 . ^ 8.0 
5.5-7.0 
6.5-7.0 
5.0-6.0 
7.2-7.7 
1.5-2.0 
6.0-7.0 
6.5-7.5 
6.0-7.0 
5.5-7.0 
Frequency range 
(mHz) 
5-25 
5-30 
10-30 
5-20 
10-25 
5-20 
7-25 
05-20 
7-25 
7-20 
5-20 
5-25 
Comment 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
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TabIe-3.3: Pulsation events found at Hanle fJan.-OS) 
Date 
01-01-05 
05-01-05 
06-01-05 
08-01-05 
10-01-05 
11-01-05 
13-01-05 
14-01-05 
25-01-05 
26-01-05 
28-01-05 
Time range 
4 
fx 10 sec) 
6.0 - 7.0 
5.5-8.0 
5.5-7.5 
0-2.5 
5.5-6.5 
7.0-8.0 
1.0-2.0 
6.0 - 8.0 
1.0-2.0 
6.0-7.0 
6.0 - 8.0 
Table-3.4: Pulsation events found at P( 
Date 
01-01-05 
02-01-05 
05-01-05 
08-01-05 
10-01-05 
16-01-05 
19-01-05 
27-01-05 
28-01-05 
29-01-05 
31-01-05 
Time range 
4 
(x 10 sec) 
5.0-7.0 
4.0-5.0 
5.5-8.0 
0.0-2.5 
4.0-5.5 
2.0-3.0 
0.0-2.5 
6.0-7.0 
6.2-7.5 
6.0-7.0 
5.0-6.5 
Frequency range 
fmHz) 
05-20 
10-30 
5-20 
7-25 
7-20 
7-25 
5-25 
5-30 
10-30 
5-20 
5-25 
)ndicherrv (Jan.-05) 
Frequency range 
(mHz) 
5-25 
5-30 
10-30 
5-25 
5-20 
5-15 
5-20 
7-25 
5-20 
5-20 
5-25 
Comment 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Comment 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
Event observed 
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-vth Fig. 3.2(a): Dynamic spectra of full day on 19 Nov. 2005 at Nagpur. Time 
(UT) is expressed in seconds and frequency in Hz. Relative intensities are 
indicated by various colours on the right. 
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0.05 
Ath Fig. 3.2(b): Dynamic spectra of fiill day on 19 Nov. 2005 at Hanle. Time 
(UT) is expressed in seconds and frequency in Hz. Relative intensities are 
indicated by various colours on the right [Ansari et al., 2009(b)]. 
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Fig. 3.2(c): Dynamic spectra of full day on 19' Nov. 2005 at Pondicherr>\ 
Time (UT) is expressed in seconds and frequency in Hz. Relative intensities 
are indicated by various colours on the right. 
56 
Chapter 3: Data and Analysis 
The analysis for each day of the whole year was carried out for X 
and Y components by selecting the events from the full day spectra of 
that day that were constructed using MATLAB program. After the 
detection of pulsation events, we selected the data in the narrow time 
interval and filtered the selected data for the observed frequency 
range. Filtered time series for selected data filtered between the 
frequency range 5-40 mHz was also plotted that showed the clear 
pulsation events. Fig. 3.3 shows the filtered pulsations (in the interval 
5-40 mHz) at Nagpur on March 04,2005. 
0.5 
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Fig. 3.3: Filtered pulsations (in the interval 5-40 mHz) at Nagpur 
on March 04, 2005. The signal amplitudes are expressed in nano 
Tesla (nT). 
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We observed the pulsation events at all the stations on different dates 
that were mostly lying in the 10 mHz to 25 mHz frequency range. The 
digital dynamic spectra, for events selected with the help of dynamic 
spectra of full day and filtered time series, were prepared taking the 
window of 1024 points with the sliding of half the window size for the 
selected time interval using matlab program. The MATLAB program 
used for preparing digital dynamic spectra was provided by IIG, Navi 
Mumbai and is reproduced below. The hourly jfrequency ranges and the 
occurrence periods were recorded from these spectra. Analysis of diurnal 
and seasonal variation in occurrence and frequency was then carried out. 
The dependence of occurrence of these pulsations on solar wind velocity 
and magnitude of interplanetary magnetic field (IMF) was also carried out 
with these observed hourly occurrence periods and data of solar wind 
velocity and magnitude of interplanetary magnetic field (IMF) adapted 
from the websites indicated at the end of list of references [Ansari and 
Nafees, 2012(a)]. 
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The MATLAB program used for preparing digital dynamic spectra was 
provided by IIG, Navi Mumbai and is reproduced below for the sake of 
completeness. (Curtsey IIG, Navi Mumbai). 
MATLAB program: 
clear; 
[filename,pathname]=uigetfile({'*.dat';'*.*';},'Select Data File'); 
filename=[pathname,filename]; 
a=load(fiIename); 
th=a(:,l); 
tm=a(:,2)/60; 
ts=a(:,3)/3600; 
timl=th+tm+ts; 
magxl=a(:,4); 
magyl=a(:,5); 
magzl=a(:,6); 
magx2=magxl(find(magxl<1000 & magyKlOOO & magzKlOOO)); 
magy2=magyl(find(magxl<1000 & magyKlOOO & magzKlOOO)); 
magz2=magzl(fmd(magxl<1000 & magyKlOOO & magzKlOOO)); 
tim2=timl(find(magxl<1000 & magyKlOOO & magzKlOOO)); 
magx_entire=magx2; 
magy_entire=magy2; 
magz_en tire=magz2; 
tim_entire=tim2; 
% 
figure 
subplot(3,l,l); 
plot(tim_entire,magx_entire); 
title('Time series for full data'); 
subpl.ot(3,l,2); 
plot(tim_entire,magy_entire); 
subplot(3,l,3); 
plot(tim_entire,magz_entire); 
xlabel('Time(U.T.)'); 
ylabel('Signal Amplitude'); 
% 
%tim=time2str(tim_entire(find(tim_entire>=l 7 'nav','hm','hms'))); 
%str = time2str(time,'nav','hm','hms') 
% . 
tim=tim_entire(find(tim_entire>=06 & tim_entire<=l 1)); 
magx=magx_entire(find(tim_entire>=06 & tim_entire<=l 1)); 
magy=magy_entire(find(tim_entire>=06 & tim_entire<=l I)); 
magz=magz_entire(find(tim_entire>=06 & tim_entire<=l 1)); 
magx_dt=detrend(magx,'linear'); 
magy_dt=detrend(magy,'linear'); 
magz_dt=detrend(magz, 'linear'); 
% 
figure 
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subplot(3,l,l); 
plot(tim,magx); 
title('Time series for selected data'); 
subplot(3,l,2); 
plot(tim,magy); 
subplot(3,l,3); 
plot(tim,magz); 
xlabel(Time(U.T.)'); 
ylabel('Amplitude'); 
% . 
t=tim*3600; 
t_start=t(l,l); 
fs=l; 
nffi=1024; 
F=0:0.0001:0.05; 
[yx,fe,tx,px]=spectrogram(magx_dt,nfft,nSt-20,F,fs,'yaxis'); 
%titIe('Dynamic Spectra from 0.0-0.05 Hz'); 
tsize=size(tx); 
tx=((tx+t_start)/3600); 
t_first=tsize(:,l); 
t_Iast=tsize(:,2); 
tx(:, 1 )=round(tx(:,t_first)); 
tx(:,t_last)=round(tx(:,t_last)); 
%title('Dynamic Spectra from 0.0-0.05 Hz'); 
% 
[yy,fy,ty,py]=spectrogram(magy_dt,nfft,nfft-20,F,fs,'yaxis'); 
ty=((ty+t_start)/3600); 
tsize=size(ty); 
t_first=tsize(:,l); 
t_last=tsize(:,2); 
ty(:, 1 )=iound(ty(:,t_first)); 
ty(:,t_last)=round(ty(:,t_last)); 
% 
[yz,fz,tz,pz]=spectrogram(magz_dt,nfft,nffl-20,F,fs,'yaxis'); 
tz=((tz+t_start)/3600); 
tsize=size(tz); 
t_first=tsize(:,l); 
t_last=tsize(:,2); 
tz(:, l)=round(tz(:,t_first)); 
tz(:,t_last)=roxmd(tz(:,t_last)); 
% . 
figure 
subplot(3,l,l) 
%title('Dynamic Spectra from 0.0-0.05 Hz'); 
surf(tx,fx,10*loglO(abs(px)),'Edgecolor','none'); 
axis xy; axis tight; colormap(jet);caxis([-40 40]);colorbar;view(0,90); 
% 
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subplot(3,l,2) 
surf(ty,fy,10*loglO(abs(py)),'EdgecolorVnone'); 
axis xy; axis tight; colonnap(jet);caxis([-40 40]);colorbar; view(0,90); 
yIabelCFrequency(f),(Hz)'); 
% 
subpIot(3,l,3) 
surf(tz,fz, 1 O*log 10(abs(pz)),'Edgecolor','none'); 
axis xy; axis ti^t; colonnap(jet);caxis([-40 40]);colorbar; view(0,90); 
xlabel(Tmie(U.T.)'); 
ylabelCFrequency(f),(Hz)'); 
%title('Dynamic Spectra from 0.0-0.05 Hz'); 
% 
[c,b]=butter(6,0.04/fs*2,'low'); 
%magxfilt=filter(c,b,magx); 
magyfilt=filter(c,b,magy); 
[d,e]=butter(6,0.005/fs*2,'high'); 
%magxfiltfiftal=filter(d, e,magxfi]t); 
magyfiltfmal=filter(d,e,magyfilt); 
%magyfiltfinal=magyfilt 
figure 
%plot(tim,magxfiltfinaI); 
pIot(tim,magyfiltfinaI); 
title('Sprctra of filtered data 0.04 Lowpass & 0.005 Hz Highpass'); 
xlabel(Time(U.T.)'); 
ylabel('Signal AmpHtude'); 
%title('Sprctra of filtered data 0.04 Lowpass & 0.005 Hz Highpass'); 
%XLIM([5000 10000]); 
% 
figure 
%[pmagxfiltfinal,f]=psd(magxfiltfinal,nfft,fs,'linear'); 
%pmagxfiltfinal=sqrt(pmagxfiltfinal/fs*2); 
%loglog(f,pmagxfiltfinal); 
[pmagyfiltfinal,f]=psd(magyfiltfinal,nfft,fs,'linear'); 
pmagyfiltfinal=sqrt(pmagyfiltfinal/fs*2); 
%loglog(f,pmagyfiltfinal); 
%subplot(3,l,l) 
%plot(f,pmagxfiltfinal); 
plot(f,pmagyfiItfinaJ); 
title('Power Spectra from 0.0-.05 Hz'); 
%xlim([0,5e-2]); 
%subplot(3,l,2) 
xlim([0,5e-2]); 
xlabel('Frequency(f),(Hz)'); 
ylabel('Power(Wb,nT/sqrt(Hz))'); 
% 
(Source of the Program: IIG, Navi Mumbai) 
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4.1 Hourly Occurrence of Pc4 (HRO): -
Determining the hourly occurrence of ULF waves and their seasonal 
variation is important for quantifying their propagation and generation 
mechanism properties. In this regard, the results of the analysis of diurnal 
variation in the occurrence of geomagnetic Pc4 pulsations during the whole 
year 2005 recorded at three stations situated at very low latitudes in India 
are reported in this chapter. Occurrence periods of events in each day were 
observed and consequently the monthly analysis of occurrence period 
corresponding to each hour bin was carried out [Ansari et al., 2009(a)]. 
4.1.1 HRO for January 2005: -
The hourly occurrence (HRO) of Pc4 events for all the three 
stations (Nagpur, Hanle and Pondicherry) for the month of January 2005 is 
shown in Fig. 4.1 [Ansari et al., 2009(a)]. The time is expressed in UT on 
X-axis and the total duration of events for corresponding hour for the whole 
month is depicted on Y-axis. The results for Y-components are also plotted 
for comparative studies. It is evident from the graph that events occurred in 
all the hours of the day while major occurrence was seen between 14 hr UT 
to 21 hr UT at all the three stations. The main peak was found in 17-18 hr 
UT interval at all the three stations with maxima decreasing in the station 
order Nagpur, Hanle and Pondicherry. At Nagpur the main 17-18 hr UT 
peak was of duration 211 min., with a secondary peak at 15-16 hr UT of 
duration 188 min. Correspondingly in Y-component of Nagpur, the main 
peak was found at 17-18 hr UT with duration 180 min., and the secondary 
peaks at 15-16 hr UT and 18-19 hr UT were of 159 min. and 158 min. 
durations respectively. 
The main 17-18 hr UT peak at Hanle was of duration 194 min. The 
secondary peaks at Hanle were at 15-16 hr UT and 18-19 hr UT of duration 
192 min. each. Correspondingly in Y-component of Hanle, the main peak 
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was found in 17-18 hr UT with duration 184 min., and the secondary peaks 
at 15-16 hr UT and 18-19 hr UT were of 167 min. and 168 min. durations 
respectively. At Pondicherry station, the main 17-18 hr UT peak was of 
duration 187 min. with secondary peak at 18-19 hrUT of duration 180 min. 
The secondary peaks at 15-16 hr UT and 14-15 hr UT were of duration 168 
min. each. The plots of Y-component show nearly same pattern with less 
amplitude. 
The data of 20 Jan.-2005 for Nagpur and 16 Jan. for Hanle was not 
available but it did not affect plots significantly since data of these dates 
had very small durations belonging to midday hours (06-14 hr UT). 
4.1.2 HRO for February 2005; -
Fig.4.2 shows the hourly occurrence of Pc4 events (both X and 
Y components) for all the three stations for the month of February 2005. 
Occurrence of Pc4 events was showing nearly same pattern at all the 
stations. It can be described in two groups. The first group was observed in 
between 02 hr UT to 06 hr UT while the second was seen in between 09 hr 
to 23 hr UT. At all the three stations the majority of events was seen 
between 10 hr UT to 20 hr UT with the main peak at 17-18 hr UT interval 
with maxima decreasing in the station order Nagpur, Hanle and 
Pondicherry. At Nagpur the main 17-18 hr UT peak was of duration 205 
min. with secondary peak at 15-16 hr UT of duration 191 min. The plots of 
Y-components also provided the same pattern with less amplitude. The 
maximum peak was found at 17-18 hr UT with duration 191 min. and the 
secondary peak was at 15-16 hr UT of 173 min. duration. 
At Hanle, the main 17-18 hr UT peak was of duration 199 min. with 
a secondary peak at 15-16 hr UT of duration 198 min. Correspondingly in 
Y-component of Hanle, the main peak was also at 17-18 hr UT with 
duration 191 min. with secondary peak at 15-16 hr UT of duration 188 min. 
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At Pondicherry station, the main 17-18 hr UT peak was of duration 191 
min. with secondary peak at 15-16 hr UT of duration 181 min. The plot of 
Y-component have also nearly same pattern with less amplitude. The data 
of 24 Feb.-2005 for Pondicherry was not available. That is the reason due 
to which the 20-21 hr UT peak in the plot of Pondicherry station is small in 
comparison to other stations. 
4.1.3 HRO for March 2005: -
The hourly occurrence of Pc4 events (both X and Y components) 
for all the three stations for the month of March 2005 is shown in Fig. 4.3. 
It is clear from the figure that events occurred in all the hours of the day 
and showed nearly same pattern at all the three stations. The main peak was 
found in the 17-18 hr UT interval at all the three stations with maxima 
decreasing in the station order Hanle, Nagpur and Pondicherry. The major 
occurrence was in between 15 hr to 22 hr UT at all the three stations. At 
Nagpur the main 17-18 hr UT peak was of duration 311 min. with 
secondary peaks at 08-09 hr and 09-10 hr UT of duration 238 min. and 224 
min. respectively. 
The main 17-18 hr UT peak at Hanle was of duration 314 min. The 
secondary peaks at 08-09 hr and 09-10 hr UT were found having durations 
239 min. and 236 min. respectively. At Pondicherry, the main 17-18 hr UT 
peak was found to be of duration 308 min. with secondary peaks at 08-09 
hr and 09-10 hr UT having durations 253 min. and 239 min. respectively. 
The plots of Y-component at all the stations have also nearly similar pattern 
with decrease in the height of the peaks. 
4.1.4 HRO for April 2005; -
Fig. 4.4 shows the hourly occurrence of Pc4 events (both X and 
Y components) for all the three stations for the month of April 2005. 
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Occurrence of Pc4 events was showing nearly same pattern at all the three 
stations and the majority of events were seen between 14 hr to 21 hr UT 
with the main peak at 15-16 hr UT interval. 
At Nagpur the main 15-16 hr UT peak was found to have duration of 
344 min. with secondary peaks at 16-17 hr and 20-21 hr UT of durations 
209 min. and 215 min. respectively. Correspondingly in the Y-component 
of Nagpur, the main peak was found to be in the 15-16 hr UT with duration 
of 327 min. while the secondary peak at 14-15 hr UT was found to have 
more duration than the other peaks occurring at 16-17 hr and 20-21 hr UT. 
The main 15-16 hr UT peak at Hanle was found with duration 347 min. 
The secondary peaks at Hanle were also observed at 16-17 hr UT and 20-21 
hr UT with durations 225 min. and 216 min. respectively. The plot of Y-
component also showed nearly same pattern with less amplitude. At 
Pondicherry also, the main 15-16 hr UT peak was found having duration 
344 min. with secondary peaks at 16-17 hr and 20-21 hr UT having 
durations 214 min. and 221 min. respectively. The plot of Y-component 
also showed nearly same pattern with less amplitude except that the 
secondary peak at 14-15 hr UT was found to be somewhat larger than other 
peaks at 16-17 hr and 20-21 hr UT. 
4.1.5 HRO for May 2005: -
The hourly occurrence of Pc4 events (both X and Y components) 
for all the three stations for the month of May 2005 is shown in Fig. 4.5. It 
is clear from the figure that events occurred during all the hours of the day 
at all the stations. It can be described by two groups. The first group lies in 
between 04 hr to 09 hr UT and the second one in between 14 hr to 20 hr UT 
time interval. It was found that the main peak in the month of May-05 was 
in betv/een 06-07 hr UT interval at all the three stations. The secondary 
peaks were found in 15-20 hr UT interval. 
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At Nagpur the main 06-07 hr UT peak was of duration 272 min. with 
secondary peaks at 05-06 hr, 17-18 hr and 18-19 hr UT having durations 
216 min., 170 min. and 174 min. respectively. At Hanle, the main 06-07 hr 
UT peak was found to be of duration 343 min. and the secondary peaks at 
05-06 hr, 17-18 hr and 18-19 hr UT were found having durations 276 min., 
214 min. and 208 min. respectively. At Pondicherry, the main 06-07 hr UT 
peak was found having duration 340 min. and the secondary peaks at 05-06 
hr, 17-18 hr and 18-19 hr UT were found having durations 279 min., 205 
min. and 204 min. respectively. The plots of Y-components of all the three 
stations showed nearly similar pattern with X-component but the 
amplitudes of the peaks were found to be relatively smaller. 
The data for 21'' and 27*-31'' of May-2005 for Nagpur were not 
available. That is why the main 06-07 hr UT peak and the secondary peaks 
were found with less amplitude at Nagpur station. 
4.1.6 HRO for June 2005: -
Fig.4.6 shows the hourly occurrence of Pc4 events (both X and 
Y components) for all the three stations for the month of June 2005. 
Occurrence of Pc4 events was showing nearly same pattern at all the three 
stations and the majority of events were seen between 17 hr to 22 hr UT. 
At Nagpur station the main peak was found to be at 18-19 hr UT with 
duration 190 min., with secondary peak at 19-20 hr UT of duration 165 
min. Correspondingly in the Y-component of Nagpur, the main 18-19 hr 
UT peak was found having duration 166 min. and the secondary peaks at 
17-18 hr UT and 19-20 hr UT were of 100 min. and 90 min. durations 
respectively. 
At Hanle station the main peak was found at 17-18 hr UT having 
duration 163 min. with secondary peaks at 18-19 hr and 19-20 hr UT 
having durations 154 min. and 145 min. respectively. Correspondingly in 
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Y-component of Hanle, the main 17-18 hr UT peak was found having 
duration 152 min. and secondary peaks at 18-19 hr and 19-20 hr UT of 
duration 135 min. and 115 min. respectively. At Pondicherry, the maximum 
occurrence was found between 18-19 hr UT with duration 248 min., with 
secondary peaks at 17-18 hr and 19-20 hr UT with durations 203 min. and 
178 min. respectively. Occurrence of Y-component was nearly similar to 
that of X-component but the amplitudes were less. The main 18-19 hr UT 
peak was having duration 193 min. and the secondary peaks at 17-18 hr UT 
and 19-20 hr UT were found to have durations of 159 min. and 118 min. 
respectively. 
The data of 09* and 23'''-30* of June-2005 for Nagpur were not 
available and that was the reason due to which the 14-15 hr and 16-17 hr 
peaks were absent in the Nagpur plot and also the occurrence durations 
between 02-10 hr UT interval was very less. The data of 10*^ -12"* June-05 
for Hanle were not available. The events in these days were mainly 
occurred in between 17-22 hr UT interval and that is why the maximum 
occurrence peak at Hanle was of less duration. 
4.1.7 HRO for July 2005: -
Fig.4.7 shows the hourly occurrence of Pc4 events (both X and Y 
components) for all the three stations for the month of July 2005. 
Occurrence of Pc4 events was showing nearly same pattern at all the 
stations. It can be classified in two groups. The first group was seen 
between 03 hr to 07 hr UT but the majority of events were lying in between 
16-24 hr UT. The maximum occurrence peak at all the three stations was 
found to be at 18-19 hr UT interval with maxima decreasing in the station 
order Hanle, Nagpur and Pondicherry. The plots of Y-components of all the 
three stations showed nearly similar pattern as X-component but the 
amplitudes of the peaks were found to be smaller. 
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At Nagpur, the main 18-19 hr UT peak was found to be of duration 
181 min. The secondary peaks were found at 17-18 hr and 21-22 hr UT 
having durations 166 min. and 168 min. respectively. The main 18-19 hr 
UT peak found at Hanle was of duration 182 min. The secondary peaks 
were found at 17-18 hr and 22-23 hr UT having durations 167 min. and 158 
min. respectively. At Pondicherry, the main 18-19 hr UT peak was having 
duration 178 min. with secondary peaks at 17-18 hr UT and 21-22 hr UT 
with durations 157 min. and 168 min. respectively. 
The data of 20* and 27* JuIy-2005 for Hanle were not available. That 
was the reason why the occurrence peaks at 12-13 hr and 13-14 hr UT were 
absent in the plot for Hanle and the secondary peak at 21-22 hr UT was 
found to be smaller than the 22-23 hr UT secondary peak. 
4.1.8 HRO for August 2005: -
The hourly occurrence of Pc4 events (both X and Y 
components) for all the three stations for the month of August 2005 is 
shown in Fig. 4.8. It is clear from the figure that events occurred in all the 
hours of the day at Nagpur and Pondicherry stations and the occurrence 
behavior was nearly similar. At Hanle, data for only 5 days in August-05 
were available and that is why the behavior found at Hanle was totally 
different. The plots of Y-components of all the three stations showed nearly 
similar pattern as that of X-component but the amplitudes of the peaks were 
found to be smaller. 
At Nagpur, the majority of events were lying in between 04-12 hr and 16-
23 hr UT intervals. The clear major peak was found at 17-18 hr UT having 
duration 393 min. The secondary peaks were found at 09-10 hr and 21-22 
hr UT having durations 234 min. and 254 min. respectively. In the available 
data of 5-days at Hanle, the maximum occurrence was found at 17-18 hr 
UT in both X and Y components having durations 119 min. and 120 min. 
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respectively. At Pondicherry, the clear major peak was found at 17-18 hr 
UT having duration 390 min. The secondary peaks were found at 09-10 hr 
and 21-22 hr UT having durations 254 min. and 258 min. respectively. 
4.1.9 HRQ for September 2005; -
The hourly occurrence of Pc4 events (both X and Y 
components) for all the three stations for the month of September 2005 is 
shown in Fig. 4.9. During this month, the data of very few days for Hanle 
and Nagpur were available. That is why the results of this plot are not much 
reliable and are not described in detail. 
4.1.10 HRQ for October 2005: -
Fig. 4.10 shows the hourly occurrence of Pc4 events (both X 
and Y components) for all the three stations for the month of October 2005. 
It is clear from the figure that events occurred in all the hours of the day at 
Nagpur and Pondicherry but the majority of occurrence was seen between 
14-21 hr UT. At Hanle the data of only 09 days in October-05 were 
available. Consequently the behavior found at Hanle was different in 
comparison to the other two stations. The plots of Y-components of all the 
three stations showed nearly similar pattern as X-component but the 
amplitudes of the peaks were found to be less. 
At Nagpur, there was maximum occurrence found at 18-19 hr UT 
having duration 360 min. with nearly same duration peak at 19-20 hr UT 
having duration 344 min. There was also a secondary peak at 17-18 hr UT 
having duration 286 min. In the available data of 09 days for Hanle, the 
maximum occurrence was found to be at 18-19 hr UT having duration 149 
min. with secondary peaks at 16-17 hr and 19-20 hr UT with durations 119 
min. and 97 min. respectively. At Pondicherry, there was a maximum 
occurrence found at 19-20 hr UT having duration 347 min. with nearly 
same amplitude peak at 18-19 hr UT having duration 340 min. There was 
also a secondary peak found at 17-18 hr UT having duration 286 min. 
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4.1.11 HRO for November 2005; -
Fig. 4.11 shows the hourly occurrence of Pc4 events (both X 
and Y components) for all the three stations for the month of November 
2005. Occurrence of Pc4 events was showing nearly similar pattern at all 
the three stations. At all the three stations events occurred in all the hours of 
the day but the majority of events were found between 15 hr to 24 hr UT. 
The maximum occurrence peak was found to be at 18-19 hr UT interval at 
all the three stations. 
At Nagpur the main 18-19 hr UT peak was found having duration 321 
min. with secondary peak at 17-18 hr UT with duration 277 min. 
Correspondingly in the Y-component of Nagpur, the main 18-19 hr UT 
peak was found to be having duration 280 min. and the secondary peak at 
17-18 hr UT was found with 258 min. duration. At Hanle, the main 18-19 
hr UT peak was found having duration 298 min. with the secondary peak at 
17-18 hr UT with duration 229 min. Correspondingly in the Y-component 
of Hanle, the main 18-19 hr UT peak was found with duration 291 min. and 
the secondary peak at 17-18 hr UT was found having 222 min. duration. At 
Pondicherry, the maximum occurrence found at 18-19 hr UT was with 
duration 307 min. The secondary peak at 17-18 hr UT was with duration 
272 min. Occurrence of Y-component was nearly similar as X-component 
but the amplitudes were smaller. The main 18-19 hr UT peak was found 
with duration 290 min. and the secondary peak at 17-18 hr UT was found 
having 248 min. duration. 
The data of 17* and 18* of Nov.-05 for Hanle were not available. The 
events in these days were mainly in between 17-21 hr UT interval and that 
is why the maximum occurrence peak and the secondary peak at 18-19 hr 
and 17-18 hr UT at Hanle were of less durations in comparison to the other 
stations. 
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4.1.12 HRO for December 2005: -
The hourly occurrence of Pc4 events (both X and Y 
components) for all the three stations for the month of December 2005 is 
shown in Fig. 4.12. It can be seen from the plot that occurrence of Pc4 
events was showing nearly similar pattern at all the three stations. At all the 
three stations events occurred in all the hours of the day but the majority of 
events were found between 15 hr to 23 hr UT. The maximum occurrence 
peak was found to be in the 18-19 hr UT interval at all the three stations. 
The plots of Y-components of all the three stations showed nearly similar 
pattern as X-component but the amplitudes of the peaks were found to be 
smaller. 
At Nagpur the main 18-19 hr UT peak was found having duration 403 
min. with secondary peak at 19-20 hr UT of duration 335 min. At Hanle, 
the main 18-19 hr UT peak was found having duration 402 min. with the 
secondary peak at 19-20 hr UT of duration 346 min. At Pondicherry, the 
maximum occurrence found at 18-19 hr UT was having duration 457 min. 
The secondary peak at 19-20 hr UT was of duration 408 min. 
The data of 21" and 28*-3r' Dec.-05 for Nagpur were not available. 
That is why the occurrence durations in between 01-10 hr UT and the 
secondary peak were found with smaller durations at Nagpur. The data for 
1''and 27* Dec.-05 for Hanle were also not available. 
4.1.13 HRO for the Total Year 2005: -
The variation of total hourly occurrence of Pc4 events for all the 
three stations for the whole year 2005 is plotted in Fig. 4.13[Ansari et al., 
2009(a)]. It is clear from the plot that the occurrence was found in all the 
hours of the day with the major occurrence being observed between 15 hr 
to 22 hr UT at all the three stations. The occurrence pattern was nearly 
similar for all stations and the maximum occurrence was at 17-18 hr UT 
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Fig.4.11 Diumal variation in Pc4 occurrence at all three stations in November 2005. 
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Fig. 4.13: Diurnal variation in Pc4 occurrence at all three stations for the total 
year 2005 [After Ansari et al., 2009(a)]. 
with a succeeding secondary peaic at 18-19 hr UT. The Maxima was found 
decreasing in the station order Pondicherry, Nagpur and Hanle as is evident 
from the plot of the total year. The variation in Y component occurrence 
was also nearly similar with less power observed. For Hanle, the duration in 
Pc4 occurrence was found to be less dominant in comparison to other 
stations. The main reason of this was the unavailability of data in most of 
the days in August, September and October 2005 for this station. 
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4.2 Seasonal Variations in Pc4 Occurrence: -
The seasonal variations of diurnal occurrence of these very low 
latitude Pc4 waves were also studied and are described in this section. The 
hourly occurrence (HRO) of Pc4 events for each season, i.e., for winter 
(December, January and February), spring (March, April and May), 
summer (June, July and August) and autumn (September, October and 
November) is analyzed for the year 2005 and reported below [Ansari et al., 
2009(a)]. 
4.2.1 HRO for Winter: -
The hourly occurrence of Pc4 events (both X and Y components) for 
all the three stations for the winter season (December, January and 
February) is shown in Fig. 4.14 [Ansari et al., 2009(a)]. It can be seen from 
plot that the occurrence of Pc4 events is showing nearly similar pattern at 
all the three stations. Events occurred in all the hours of the day but the 
majority of events were found to be occurring between 15 hr to 20 hr UT. 
The maximum occurrence peak was found in between 18-19 hr UT interval 
at all the three stations. The plots of Y-components for all the three stations 
showed nearly similar pattern as X-component but the amplitudes of the 
peaks were found to be smaller. 
At Nagpur the main 18-19 hr UT peak was found having duration 688 
min. with secondary peak at 19-20 hr UT of duration 606 min. At Hanle, 
the main 18-19 hr UT peak was found with duration 708 min., with 
secondary peak at 19-20 hr UT having duration 633 min. At Pondicherry, 
the maximum occurrence found at 18-19 hr UT was of duration 751 min. 
The secondary peak at 19-20 hr UT was found having duration 607 min. 
The data of 20"" Jan.-05 for Nagpur and 16* Jan. for Hanle were not 
available but it did not affect plots significantly since data of these dates 
had very small durations in the 06-14 hr UT interval. 
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4.2.2 HRO for Spring: -
The hourly occurrence of Pc4 events (both X and Y components) for 
all the three stations for the spring season (March, April and May) is shown 
in Fig. 4.15 [Ansari et al, 2009(a)]. Occurrence of events can be classified 
in two groups. The first group was seen between 05 hr to 11 hr UT but the 
majority of events were lying in between 14-21 hr UT. The maximum 
occurrence peak at all the three stations was found to be at 17-18 hr UT 
interval. 
The main 17-18 hr UT peak found at Nagpur was having duration 680 
min. while the secondary peak found at 15-16 hr UT was of duration 558 
min. Correspondingly in Y-component of Nagpur, 17-18 hr UT peak was 
observed with duration 606 min. and the secondary peak found at 15-16 hr 
UT was of duration 506 min. At Hanle, the main 17-18 hr UT peak was 
found with duration 737 min. and the secondary peak found at 15-16 hr UT 
was of duration 608 min. Correspondingly in the Y-component of Hanle, 
17-18 hr UT main peak and the secondary peak at 15-16 hr UT were found 
with durations 689 min. and 547 min. respectively. At Pondicherry, the 
maximum occurrence found at 17-18 hr UT was having duration 712 miii. 
The secondary peak at 15-16 hr UT had duration 559 min. Occurrence of 
Y-component was nearly similar to X-component but the observed power 
was less. T'he main 17-18 hr UT peak was found with duration 634 min. 
and the secondary peak at 15-16 hr UT was found having 502 min. 
duration. 
4.2.3 HRO for Summer; -
Fig. 4.16 [Ansari et al., 2009(a)] shows the hourly occurrence of Pc4 
events (both X and Y components) for all the three stations for the summer 
season (June, July and August). It is clear from the figure that the 
occurrence behavior at Nagpur and Pondicherry was nearly similar but the 
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behavior found at Hanle was different in comparison to the other two 
stations. The cause of this was the unavailability of data in most of the days 
in August for Hanle. The majority of events were lying in between 17 hr to 
22 hr UT at all the three stations. The maximum occurrence peak at all the 
three stations was found to be in the 17-18 hr UT interval. The plots of Y-
components of all the three stations showed nearly similar pattern as the X-
component but less power was observed during most of the time and hence 
the amplitudes (duration values) of the peaks were found to be smaller. 
The main 17-18 hr UT peak found at Nagpur was having duration 693 
min. with secondary peak at 18-19 hr UT of duration 531 min. At Hanle, 
the main 17-18 hr UT peak was found with duration 449 min. with 
secondary peak at 18-19 hr UT having duration 366 min. At Pondicherry, 
the maximum occurrence found at 17-18 hr UT was with duration 750 min. 
The secondary peak at 18-19 hr UT was found having duration 585 min. 
4.2.4 HRO for Autumn: -
The hourly occurrence of Pc4 events (both X and Y components) for 
all the three stations for the autumn season (September, October and 
November) is shown in Fig. 4.17 [Ansari et al., 2009(a)]. It is clear from 
the figure that the occurrence behavior at Nagpur and Pondicherry was 
nearly similar but the behavior found at Hanle was different as compared to 
the other two stations. The cause of this was the unavailability of data in 
most of the days in September and October for Hanle. The majority of 
events were lying in between 15 hr to 21 hr UT at all the three stations. The 
maximum occurrence peak at all the three stations was found to be in the 
18-19 hr UT interval. The plots of the Y-components of all the three 
stations showed nearly similar pattern as those of the X-component but less 
power was observed during most of the time and hence the amplitudes 
(duration values) of the peaks were found to be smaller. 
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The main 18-19 hr UT peak found at Nagpur was observed having 
duration 737 min. with the secondary peak at 17-18 hr UT having duration 
604 min. At Hanle, data for only 4 days in September and for 9 days in 
October were available. In the available data the main 18-19 hr UT peak 
was found having duration 447 min. with secondary peaks at 16-17 hr and 
17-18 hr UT having durations 314 min. and 309 min. respectively. At 
Pondicherry, the maximum occurrence found at 18-19 hr UT was observed 
having duration 723 min. The secondary peak at 17-18 hr UT was found to 
have duration 628 min. 
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5.1 Diurnal Variation in Frequency (DFRO); -
The diumal variation in the frequency of ultra low frequency Pc3-4 
waves and their seasonal variation are also important for developing theory 
of these waves and for understanding their generation and propagation 
mechanisms. In this regard, the results of the analysis of diumal variation in 
the frequency of Pc4 geomagnetic pulsations for the whole year 2005 
recorded at the three stations situated at very low latitudes in India are 
reported in this chapter. The seasonal variations in the frequency of these 
pulsations were also studied and are described in this chapter. 
5.1.1 DFRO for January 2005: -
In Fig.5.1 [Ansari et al., 2009(b)], the diumal variation in the frequency 
of Pc4 magnetic pulsation events observed at all the three stations Nagpur, 
Hanle and Pondicherry for the month of January-2005 is plotted. The lower 
(LF), higher (HF) and average frequencies (AF) of all the three stations are 
plotted collectively for better comparative studies. It is clear from the Fig. 
5.1 that at all the stations, nearly similar pattem was found. The general 
frequency occurrence was of slightly higher values in the afternoon side at 
all the three stations. 
At Nagpur the average frequency (AF) of occurrence was found in 
between 11 mHz to 15 mHz with a mean of about 13 mHz. The range of 
lower frequencies (LF) at Nagpur was 7 mHz to 9.67 mHz and the range of 
higher frequencies (HF) was in between 15 mHz to 22 mHz. At Hanle, the 
average frequency range was 12.17 to 15 mHz giving a mean of about 
13.18 mHz. The range of LFat Hanle was 7 mHz to 8.6 mHz and the range 
of HF was 17.3 to 22 mHz. At Pondicherry, the average frequency range 
was 12 to 15 mHz giving a mean of about 13.5 mHz. The range of LF was 7 
mHz to 9.2 mHz at 14-15 hr UT interval. The range of HF was seen from 
16.67 to 22 mHz. 
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The data of 20* Jan-05 for Nagpur and of 16"" Jan. for Hanle were not 
available due to which the AF for Nagpur was smaller than the AF of other 
stations in 08-14 hr UT interval. 
5.1.2 DFRO for February 2005: -
The diurnal variation in frequency of Pc4 events observed at all the 
three stations for the month of February-2005 is plotted in Fig.5.2. It is 
clear from the graph that at all the stations, nearly similar pattern of 
frequency variation was found. The average frequency (AF) of occurrence 
at Nagpur was in between 9 mHz to 14.25 mHz with a mean of about 11.63 
mHz. The AF range in between 14 hr to 20 hr UT was slightly higher. The 
range of lower frequencies (LF) at Nagpur was 7 mHz to 8.8 mHz and the 
range of higher frequencies (HF) was in between 11 mHz to 21 mHz. 
At Hanle, the average frequency range was 9 mHz to 14.5 mHz giving 
a mean of about 11.75 mHz. The AF range in between 13 hr UT to 20 hr 
UT interval was slightly of higher frequencies. The range of LF at Hanle 
was 7 mHz to 8.75 mHz and the range of HF was found to be 11 to 21 
mHz. At Pondicherry, the average frequency range was in between 9.5 to 
15 mHz giving a mean of about 12.25 mHz. The range of LF was 7 mHz to 
9.25mHz and the range of HF was found to be from 12 mHz to 20.75 mHz. 
The data of 24"* Feb-05 for Pondicherry were not available. On that 
day the Pc4 event was observed in the 20-21 hr UT interval with AF of 
about 9.5 mHz at the other stations. That is why the value of AF at 
Pondicherry in the 20-21 hr interval is slightly high in comparison to other 
stations. 
5.1.3 DFRO for March 2005: -
In Fig.5.3, the diurnal variation in frequency of Pc4 magnetic pulsation 
events observed at all the three stations in the month of March-2005 is 
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plotted. At all the three stations, nearly similar pattern was found which is 
clear from the figure. At Nagpur, the range of average frequency of 
occurrence was found to be in between 12.36 mHz to 15 mHz with a mean 
of about 13.68 mHz. There was observed a slight decrease in AF after 07 hr 
UT up to 12 hr UT and then a gradual increase was seen. The range of 
lower frequencies at Nagpur was observed from 7 mHz to 9 mHz and the 
range of higher frequencies was found to be in between 17.7 mHz to 22 
mHz. At Hanle, the average frequency was found in between 13.07 mHz to 
15 mHz giving a mean of about 14.04 mHz. There was also a slight 
decrease seen in AF after 07 hr UT up to 12 hr UT and then a gradual 
increase was observed up to 18 hr UT. The range of LF at Hanle was found 
to be 7 mHz to 9.67 mHz and the range of HF was seen in between 18.83 to 
22 mHz. At Pondicherry, the average frequency range was found from 13.1 
mHz to 15 mHz with a mean of about 14.05 mHz. The range of LF was 
found to be 7 mHz to 9.33 mHz while the range of HF was observed to be 
from 18.6 mHz to 22 mHz. 
5.1.4 DFRO for April 2005: -
The diurnal frequency variation of Pc4 events observed at all the three 
stations in the month of April-2005 is plotted in Fig. 5.4. At all the three 
stations the maximum value of AF was found at 04-05 hr UT. The cause of 
this was a single event observed on 15"^  April-05 in the 04-05 hr UT 
interval with higher values of LF and HF in the whole month. Following 
this peak, there was a sharp decrease observed in AF followed by a gradual 
increase up to 11 hr UT. Furthermore, after 11 hr UT a gradual decrease 
was observed in AF up to 14 hr UT and then a gradual increase was also 
seen. The general frequency occurrence at all the three stations was of 
slightly higher values in the afternoon. 
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At Nagpur, the average frequency of occurrence was found to be in 
between 09 mHz to 18.5 mHz with a mean of about 13.75 mHz. The range 
of lower frequencies at Nagpur was observed from 7 mHz to 11.67 mHz 
but a single event on the 15* April with LF of 15 mHz was also seen. The 
range of higher frequencies was found to be in between 11 mHz to 22 mHz. 
At Hanle, the average frequency range was seen from 9.5 mHz to 18.5 mHz 
giving a mean of about 14 mHz. The general range of LF at Hanle was 
observed from 7 mHz to 11.33 mHz but a single event of 15 April with LF 
of 15 mHz was also present and the range of HF was found to be in 
between 12 mHz to 22 mHz. At Pondicherry, the average frequency range 
was also found to be in between 9.5 mHz to 18.5 mHz giving a mean of 
about 14 mHz. The general range of LF was found to be 7 mHz to 12 mHz 
but a single event of 15* April with LF of 15 mHz was also present. The 
range of HF was observed from 12 mHz to 22 mHz. 
The data of 24 April-05 for Pondicherry was not available due to 
which there was no plot observed in the 03-04 hr UT interval in the 
Pondicherry graph. 
5.1.5 DFRO for May 2005: -
The diumal frequency variation of Pc4 events observed at all the three 
stations in the month of May-2005 is plotted in Fig. 5.5. It is clear from the 
graph that at all the stations, nearly similar pattern was found. At all the 
stations, after 04 hr UT a gradual decrease in AF was observed up to 09 hr 
UT and later there were higher AF seen with few peaks. In the 17-18 hr UT 
interval, slightly small AF was observed. 
At Nagpur the average frequency of occurrence was found to be in 
between 12.67 mHz to 16 mHz with a mean of about 14.33 mHz. The range 
of lower frequencies at Nagpur was found to be from 7 mHz to 11.33 mHz 
and the range of higher frequencies was observed in between 17.43 mHz to 
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22 mHz. At Hanle, the AF range was found to be from 12.5 to 16 mHz 
giving a mean of about 14.25 mHz. The range of LF was seen from 7 mHz 
to 10 mHz and the range of HF was observed between 17.67 mHz to 22 
mHz. The LF was found to be of slightly higher values between 12-21 hr 
UT interval. At Pondicherry, the average frequency range was found to be 
from 12.5 mHz to 16 mHz with a mean of about 14.25 mHz. The range of 
LF was found to be from 7 mHz to 10.25 mHz and the range of HF was 
observed from 17 mHz to 22 mHz. 
The data of 21'' and 27* to 31'' May-05 for Nagpur were not 
available. That is why the pattern of frequency occurrence found at Nagpur 
was slightly different from other two stations. 
5.1.6 DFRO for June 2005: -
In Fig. 5.6, the diurnal variation in frequency of Pc4 magnetic pulsation 
events observed at all the three stations in the month of June-2005 is 
plotted. At all the stations, maximum AF was found in the 21-22 hr UT 
interval. Although few particular events of higher AF were also present in 
different other time intervals but due to the large number of other events of 
lower AF present in that time interval in the whole month, the overall 
average became less than that particular event. 
At Nagpur, the average frequency of occurrence was seen in between 
11.5 mHz to 17.25 mHz with a mean of about 14.38 mHz. The range of LF 
at Nagpur was found to be from 7 mHz to 13.5 mHz and the range of HF 
was seen between 16 mHz to 22 mHz, At Hanle, the average frquency 
range was found to be in between 11.5 mHz to 15.75 mHz giving a mean of 
about 13.63 mHz. The range of LF was observed from 7 mHz to 12.5 mHz 
and the range of HF was seen between 16 mHz to 22 mHz. At Pondicherry, 
the average frequency range was seen from 12 mHz to 15.67 mHz with a 
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Fig. 5.3: Diurnal variation in frequency of Pc4 with respect to X-component for 
March 2005 at all the three stations Nagpur, Hanle and Pondicherry. 
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Fig. 5.4: Diurnal variation in frequency of Pc4 with respect to X-component for 
April 2005 at all the three stations Nagpur, Hanle and Pondicherry. 
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mean of about 13.83 mHz. The range of LFwas found to be from 7 mHz to 
12 mHz and the range of HP was seen from 16.5 mHz to 22 mHz. 
The data of 09* June and 23''' to 30* June-05 for Nagpur were not 
available. That is why the pattern of frequency occurrence found at Nagpur 
was slightly different from other two stations. Also the data of 10*-12* 
June-05 for Hanle were not available. 
5.1.7 DFRO for July 2005: -
Fig. 5.7 shows the diurnal variation in frequency of Pc4 magnetic 
pulsation events observed at all the three stations in the month of July-
2005. It is clear from the graph that at all the stations, nearly similar pattern 
of frequency occurrence was found. At all the stations, events were 
observed in two groups in between 03-07 hr UT and 12-24 hr UT interval. 
The LF was found to be of slightly higher values in between 18-24 hr UT 
interval at all stations. 
At Nagpur, the average frequency of occurrence was observed from 
12.71 mHz to 15 mHz with a mean of about 13.85 mHz. The range of lower 
frequencies at Nagpur was found to be from 7 mHz to 9 mHz and the range 
of higher frequencies was observed in between 16.71 mHz to 22 mHz. At 
Hanle, AF range was observed between 12.64 mHz to 15 mHz giving a 
mean of about 13.82 mHz. The range of LFat Hanle was seen from 7 mHz 
to 9.2 mHz and the range of HF was found in between 16.86 mHz to 21.5 
mHz. At Pondicherry, the average frequency range was found to be from 
12.75 mHz to 14.92 mHz with a mean of about 13.83 mHz, The range of 
LF was observed from 7 mHz to 9 mHz and the range of HF was seen from 
16.61 mHz to 22 mHz. 
The data of 20* and 27* July-05 for Hanle were not available. This is 
why there are no plots in between 03-04 hr, 05-06 hr, 12-13 hr and 13-14 hr 
UT time intervals. 
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5.1.8 DFRQ for August 2005; -
In Fig. 5.8, the diurnal variation in frequency of Pc4 magnetic 
pulsation events observed at all the three stations in the month of August-
2005 is plotted. It is clear from the graph that at Nagpur and Pondicherry 
stations, nearly similar pattern was found. The graph of Hanle showed 
different pattern because data of only five days were available in the whole 
month of August-05 for this station. 
At Nagpur, the average frequency of occurrence was found in between 
12.4 mHz to 16.5 mHz with a mean of about 14.45 mHz. The range of 
lower'frequencies at Nagpur was found to be from 7 mHz to 12.5 mHz and 
the range of higher frequencies was found to be in between 17.8 mHz to 22 
mHz. The values of HF and AF were slightly lower in between 16-22 hr 
UT interval. At Pondicherry, the average frequency range was found in 
between 12 to 16.75 mHz with a mean of about 14.37 mHz. The range of 
LF was observed from 7 mHz to 13 mHz and the range of HF was found 
from 17 to 22 mHz. The values of HF and AF were observed slightly lower 
in between 16-22 hr UT interval. 
5.1.9 DFRQ for September 2005; -
The diurnal frequency variation of Pc4 events observed at all the three 
stations in the month of september-2005 is plotted in Fig. 5.9. The data of 
2"'^  and 26*-30"* September-05 for Nagpur were not available. In the 
available data, the range of average frequency of occurrence was found to 
be in between 11.88 mHz to 14.84 mHz with a mean of about 13.36 mHz. 
The range of lower frequencies was seen from 7 mHz to 8.5 mHz and the 
range of higher frequencies was observed in between 16.25 mHz to 22 
mHz. 
At Hanle, only four days of data were available during the whole 
month. At Pondicherry, the average frequency range was found to be in 
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between 11.8 to 15.38 mHz with a mean of about 13.59 mHz. The range of 
LF was seen from 7 mHz to 9 mHz and the range of HF was observed from 
16.2 mHz to 22 mHz. The values of HF and AF were found to be slightly 
lower in between 14-21 hr UT interval. 
4.2.10 DFRO for October 2005; -
The diurnal frequency occurrence of Pc4 events observed at all the three 
stations in the month of October-2005 is plotted in Fig. 5.10. It is clear 
from the graph that at Nagpur and Pondicherry, nearly similar pattern was 
observed. The plot for Hanle showed different pattern because only nine 
days of data were available in the whole month. 
At Nagpur, the average frequency of occurrence was found to lie in 
between 10.83 mHz to 14.75 mHz with a mean of about 12.79 mHz. The 
range of lower frequencies at Nagpur was seen from 7 mHz to 10.67 mHz 
and the range of HF was found to be in between 14.33 mHz to 20.13 mHz. 
At Pondicherry, the average frequency range was found to be in between 
10.83 to 16.25 mHz with a mean of about 13.54 mHz. The range of LF was 
observed in between 7 mHz to 12.5 mHz and the range of HF was seen 
from 14.33 to 21 mHz. The HF was found to be having slightly higher 
values in between 14-20 hr UT interval. 
5.1.11 DFRO for November 2005: -
In Fig. 5.11, the diurnal variation in the frequency of Pc4 magnetic 
pulsation events observed at all the three stations for the month of 
November-2005 is plotted. It is clear from the graph that at all the stations, 
nearly similar pattern of frequency occurrence was observed. A single Pc4 
event of high LF was found at Nagpur in 00-01 hr UT time interval that 
was not present at other stations. That is why there are no plots in this time 
interval at the other stations. 
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Fig. 5.7: Diurnal variation in frequency of Pc4 with respect to X-component for 
July 2005 at all the three stations Nagpur, Hanle and Pondicherry. 
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Fig. 5.8: Diurnal variation in frequency of Pc4 with respect to X-component for 
August 2005 at all the three stations Nagpur, Hanle and Pondicherry. 
98 
Chapter 5: Diurnal and Seasonal Variations in the Frequency.... 
N 
I 
e 
cr 
N 
I 
E 
cr 
N 
I 
E, 
cr 
15q 
14-
13-
12 -
1.1 -
10-^ 
9 -
8 -
7 -
0 
23 T 
2 2 -
21 -. 
2 0 -
1 9 -
1 8 -
1 7 -
1 6 -
15-
14-:. 
18 -
17 -
1 6 -
15-
14-
1 3 -
12 -
11 -
LF(X) 
•NAG 
HAN 
PON 
- I — 1 — I — I — I — 1 — I — r — J — 1 — I — 1 — I — I — 1 
10 12 14 16 18 20 22 24 
- 1 — I — 1 — I — I — I — 1 — I — 1 — I — I — I — 1 — I — 1 — I — . — 1 — 1 — I — I — I — 1 — I 
2 4 6 8 10 12 14 16 18 20 22 24 
AF(X) 
- ] — I — I — I — I — 1 — I — I — I — I — r 
-1 1 r- T • 1 ' 1 ' 1 
0 2 4 6 8 10 12 14 16 18 20 22 24 
Time (UT) 
Fig. 5.9: Diurnal variation in frequency of Pc4 with respect to X-component for 
Sep. 2005 at all the three stations Nagpur, Hanle and Pondicherry. 
N 
X 
E, 
& 
0) 
u. 
N 
X 
E. 
cr 
0) 
N 
X 
E 
18-
16-
14-
12-
10-
8-
6--
0 
22-
20-
18-
16-
14-
12--
0 
20-
18-
16-
14-
12-
10 
LF(X) 
10 
I 
12 14 
I 
16 
NAG 
HAN 
PON 
-I—'—r 
18 20 
HF(X) 
- 1 — I — p 
4 6 
AF(X) 
I ' 1 
22 24 
- ] — 1 — I — I — I — I — 1 — 1 — I — 1 — I — 1 — I — I — I — I — I 
8 10 12 14 16 18 20 22 24 
I — I — 1 — I — I — I — I — I — 1 — I — 1 — I — 1 — I — 1 — I — 1 — I — I — I — > — I — 1 — I 
0 2 4 6 8 10 12 14 16 18 20 22 24 
Time(UT) 
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At Nagpur, the average frequency of occurrence was generally seen in 
between 12.5 mHz to 17 mHz with a mean of about 14.75 mHz. Other than 
this there was observed a single event at 00-01 hr with AF of 20 mHz and a 
single event at 06-07 hr UT with AF of 9.5 mHz. The range of LF at 
Nagpur was found to be from 7 mHz to 12 mHz except the 00-01 hr event 
of 18 mHz and the range of HF was seen in between 16 mHz to 22 mHz 
except an event at 06-07 hr UT having frequency 12 mHz. 
At Hanle, the AF range was found to be from 11.5 to 16.5 mHz giving 
a mean of about 14 mHz. The range of LF at Hanle was observed to be in 
between 7 mHz to 11 mHz and the range of HF was seen from 16 to 22 
mHz. At Pondicherry, the AF range was observed from 10.5 mHz to 17 
mHz with a mean of about 13.75 mHz. The range of LF was found to be 
from 7 mHz to 12 mHz and the range of HF was found to be from 14 mHz 
to 22 mHz. 
The data of 17* & 18* of November-05 for Hanle were not available 
due to which there is no plot at 06-07 hr UT time interval. 
5.1.12 DFRO for December 2005: -
The diurnal frequency occurrence of Pc4 events observed at all the three 
stations for the month of December-2005 is plotted in Fig. 5.12. It is clear 
from the graph that nearly similar pattern was found at Hanle and 
Pondicherry. At Nagpur there was some discrepancies because of 
unavailability of several days of data. At Hanle and Pondicherry, the HF 
was found to be having slightly higher values in the 01-09 hr UT interval. 
At Nagpur, the AF of occurrence was found to be in between 10 mHz 
to 14.5 mHz with a mean of about 12.25 mHz. The range of LF at Nagpur 
was seen to be from 7 mHz to 8.33 mHz and the range of HF was seen in 
between 13 mHz to 22 mHz. At Hanle, the AF range was found to lie from 
12 mHz to 15 mHz giving a mean of 13.5 mHz. The range of LF at Hanle 
was found to be from 7 mHz to 8 mHz and the range of HF was observed in 
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between 15 mHz to 22 mHz. At Pondicherry, the AF range was found to lie 
in between 11.38 mHz to 14.5 mHz giving a mean of about 13.17 mHz. 
The range of LF was to be found from 7 mHz to 8.29 mHz and the range of 
HP was seen in between 16.67 mHz to 22 mHz. 
The data of 21'' and 28*-3l" December-05 for Nagpur were not 
available. Also the data of Of' and 27* Dec.-05 for Hanle were not 
available. These were the main causes of the discrepancies in the frequency 
occurrence graph for Nagpur. 
5.1.13 DFRO for the Total Year 2005; -
Diumal variation in the frequency of Pc4 magnetic pulsations for the 
total year 2005 at all the three stations is plotted in Fig. 5.13 [See Ansari & 
Khan, 2012]. Nearly similar pattern of frequency variation was observed at 
all the three stations. The range of HF and AF occurrence observed at 
Nagpur was found to be slightly less in comparison to other stations in 
between 03-12 hr UT interval. There were coincident peaks found in the 
frequencies occurring simultaneously at all the stations between 04-05 hr 
UT and 18-19 hr UT interval. The lower latitude stations Pondicherry and 
Nagpur also showed a peak in frequency, occurring between 21-22 hr UT 
but it was absent at the comparatively higher latitude station Hanle. The 
range of higher frequency at Nagpur was observed from 17.81 mHz to 
20.27 mHz and the average frequency range was found to be from 12.72 to 
14.17 mHz giving a mean of about 13.45 mHz. The range of LF was 
observed from 7.1 mHz to 9.46 mHz. At Hanle the range of HF was found 
to be from 17.78 mHz to 20.58 mHz while the AF range was seen from 
12.89 to 14.58 mHz giving a mean of about 13.74 mHz. The range of LF at 
Hanle was observed in between 7 mHz to 9.33 mHz. At Pondicherry, the 
average frequency range was found from 12 to 15 mHz giving a mean of 
about 13.5 mHz and the range of higher frequency at Nagpur was observed 
from 18.27 mHz to 20.75 mHz. 
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Fig. 5.12: Diurnal variation in frequency of Pc4 with respect to X-component for 
Dec. 2005 at all the three stations Nagpur, Hanle and Pondicherry. 
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5.2 Seasonal Variations in the Pc4 Frequency: -
The seasonal variations in the frequency of very low latitude Pc4 
waves are studied and reported in this section. The diurnal variation in the 
frequency (DFRO) of Pc4 geomagnetic pulsations for each season, i.e., for 
winter (December, January and February), spring (March, April and May), 
summer (June, July and August) and autumn (September, October and 
November) is analyzed for the year 2005 and are described below. 
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5.2.1 DFRO for Winter: -
Diumal variation in the frequency of Pc4 for local winter 2005 found at 
all three stations is plotted in Fig. 5.14 [Ansari et al., 2009(b)]. Nearly 
similar pattern of frequency variation was found at all the stations. The 
range of the higher and the average frequencies of occurrence found at 
Nagpur were slightly less in comparison to other stations in between 05-08 
hr UT interval. The main reason of this was the unavailability of data on 
21^28*-31" Dec. 2005. 
At Nagpur the average frequency of occurrence was seen in between 
10.46 mHz to 13.93 mHz with a mean of about 12.20 mHz. The range of 
lower frequencies at Nagpur was observed from 7 mHz to 7.97 mHz and 
the range of higher frequencies was found in between 13.67 mHz to 20.87 
mHz. At Hanle, the AF range was found to be from 12.28 mHz to 14.33 
mHz giving a mean of about 13.31 mHz. The range of lower frequencies at 
Hanle was found to be from 7 mHz to 7.90 mHz and the range of HF was in 
between 17.56 mHz to 21.67 mHz. At Pondicherry, the AF range was 
found to be in between 12.17 mHz to 13.88 mHz giving a mean of about 
13.03 mHz. The range of LF was observed from 7 mHz to 7.88 mHz and 
the range of HF was seen in between 17.33 mHz to 20.75 mHz. 
5.2.2 DFRO for Spring: -
Diumal variation in the frequency of Pc4 for local spring 2005 found at 
all the three stations is plotted in Fig. 5.15 [Ansari et al., 2009(b)]. The 
pattern of frequency variation was nearly similar at all the stations and a 
minor gradual increase was found in the average frequency values after 11-
12 hr UT interval while the maximum value of AF was found to be in 4-5 
hr UT interval. 
At Nagpur, the range of average frequency was found to be in between 
12.38 mHz to 15.61 mHz with a mean of about 14.00 mHz. The range of 
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lower frequencies at Nagpur was found to be from 7 mHz to 10 mHz and 
the range of higher frequencies was observed in between 17.33 mHz to 
21.28 mHz. At Hanle, the AF range was found to be from 12.79 mHz to 
15.49 mHz giving a mean of about 14.14 mHz. The range of lower 
frequencies at Hanle was seen from 7 mHz to 10.00 mHz and the range of 
HF was observed in between 18.17 mHz to 21.44 mHz. At Pondicherry, the 
AF range was found to be in between 12.88 mHz to 15.72 mHz giving a 
mean of about 14.30 mHz. The range of LF was observed from 7 mHz to 
9.89 mHz and the range of HF was seen in between 18.67 mHz to 21.54 
mHz. 
5.2.3 DFRO for Summer: -
Fig. 5.16 [Ansari et al., 2009(b)] shows diurnal variation in the 
frequency of Pc4 waves for local summer at all the three stations. It is 
evident from the plot that the diumal variation of frequency occurrence at 
Nagpur and Pondicherry was nearly similar but different at Hanle. The 
reason for this was the unavailability of data for most of the days in August. 
There was an event of high value of lower frequency on 18^ August 2005 
observed at Nagpur and Pondicherry in the 00-02 hr UT interval due to 
which the LF and AF were found to be high at these stations (Fig. 5.16). 
The data of that day for Hanle was not available. 
At Nagpur, the range of average frequency was found to be in 
between 13.00 mHz to 16.50 mHz with a mean of about 14.75 mHz. The 
range of lower frequencies at Nagpur was found to be from 7 mHz to 10.15 
mHz and the range of higher frequencies was seen in between 17.90 mHz 
to 22 mHz. The LF of 00-01 hr UT interval was found at 12.5 mHz. At 
Hanle, data of only 5 days in August-05 were available. In the available 
data, the AF range was found to be from 11.50 mHz to 15.0 mHz giving a 
mean of about 13.25 mHz. The range of lower frequencies at Hanle was 
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found to be from 7 mHz to 9.57 mHz and the range of HF was observed in 
between 16 mHz to 22 mHz. At Pondicherry, the AF range was found to be 
in between 12.75 mHz to 16.75 mHz giving a mean of about 14.75 mHz. 
The range of lower frequencies was found to be from 7 mHz to 9.58 mHz 
and the range of higher frequencies was observed in between 17.83 mHz to 
22.0 mHz. 
5.2.4 DFRO for Autumn: -
The diurnal variation in the frequency of Pc4 events in local autumn is 
shown in Fig. 5.17 [Ansari et al, 2009(b)]. In this season also the diurnal 
variation of frequency of Pc4 events at Nagpur and Pondicherry was found 
to be nearly similar but different at Hanle. The cause of this difference at 
Hanle was once again the unavailability of data for most of the days in 
September and October 2005. 
At Nagpur, the range of average frequency was found to be in between 
11.25 mHz to 15.17 mHz with a mean of about 13.21 mHz. The range of 
lower frequencies at Nagpur was seen from 7 mHz to 11.89 mHz and the 
range of higher frequencies was observed in between 15.5 mHz to 21.33 
mHz. At Hanle, data of only 4 days in September and only 9 days in 
October were available. In the available data, the AF range was found to be 
from 11.25 mHz to 15.33 mHz giving a mean of about 13.42 mHz. The 
range of LF at Hanle was found to be from 7 mHz to 10 mHz and the range 
of HF was observed in between 16 mHz to 22 mHz. There was a single 
event at Hanle at 00-01 hr UT with very high lower frequency as 18 mHz 
and thus the average frequency was also high in 00-01 hr UT interval. At 
Pondicherry, the AF range was found to be in between 11.25 mHz to 14.78 
mHz giving a mean of about 13.02 mHz. The range of LF was seen from 7 
mHz to 9.75 mHz and the range of HF was observed in between 15.5 mHz 
to 21.67 mHz. 
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Correlation of Pc4 Pulsation activity 
with Solar Wind Velocity and IMF 
magnitude 
Chapter 6: Correlation of pulsation activity with the solar wind. 
The correlation of pulsation activity with the solar wind velocity and 
magnitude of interplanetary magnetic field (IMF ) are very much valuable 
for understanding the generation and propagation mechanisms of these 
waves. Also the study of dependence of occurrence of these waves on Kp 
indices can play grate role in developing the propagation phenomenon of 
these waves. In this regard, the results of the analysis related to the 
dependence of Occurrence of Pc4 geomagnetic pulsations, recorded at the 
three stations (Nagpur, Hanle and Pondicherry) situated at very low 
latitudes in India for the whole year 2005, on the solar wind velocity and 
IMF magnitude are reported in this chapter. 
6.1 Relation of occurrence with Solar Wind Velocity (Vsw); 
6.1.1 Dependence of occurrence of Pc4 pulsation on Vsw in January 
2005:-
The dependence of occurrence of Pc4 pulsation on solar wind 
velocity (Vsw) observed at all the three stations (Nagpur, Hanle and 
Pondicherry) for the month of January-2005 is plotted in Fig.6.1.1. The 
solar wind velocity is expressed in km/s on X-axis and total duration of 
events for corresponding value of solar wind velocity for the whole month 
is given in min. on Y-axis. It is clear from the figure that at all the stations, 
nearly similar pattern of dependence of occurrence of Pc4 pulsations on 
Vsw was found. The value of the Vsw ranges from 250 km/s to 1000 km/s 
approximately and occurrence of events observed nearly for all values of 
Vsw. 
The maximum value of duration of events at Nagpur is found 596 min. 
corresponding to 650 km/s -750 km/s Vsw values. However the figure 
showed the secondary maxima of occurrence nearly between 350 km/s to 
550 km/s. At Hanle, the duration of the main peak was 591 min. There was 
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a clear secondary maxima peak of duration 468 min. between 200 km/s -
300 km/s but in general, occurrence was found high between 300 km/s to 
700 km/s. The similar pattern was also found at Pondicherry with 
maximum occurrence peak having duration 590 min. The secondary peak 
was of 435 min. between 200 km/s - 300 km/s. 
The data of 20 Jan. 2005 for Nagpur was not available. The difference 
in the graph pattern was due to this unavailability of data at Nagpur which 
leads to less duration peak between 200 km/s - 300 km/s Vsw values. 
6.1.2 Dependence of occurrence of Pc4 pulsation on Vsw in February 
2005:-
Fig.6.1.2 shows the dependence of occurrence of Pc4 pulsation on 
solar wind velocity (Vsw) observed at all the three stations (Nagpur, Hanle 
and Pondicherry) for the month of Februry-2005. It is clear from the plot 
that at all the stations, nearly similar pattern of dependence of occurrence of 
Pc4 pulsations on Vsw was found. The value of the Vsw ranges from 350 
km/s to 750 km/s approximately in this month and occurrence of events 
observed nearly for all values of Vsw. The majority of occurrence was 
found in between 350 - 700 km/s Vsw values. 
At Nagpur, the maximum value of duration of events was found 376 
min. corresponding to 350 km/s - 400 km/s Vsw values. However the graph 
showed the secondary maxima of occurrence having duration 243 min. 
nearly between 600 km/s to 700 km/s. At Hanle, the main peak of duration 
was of 310 min. There was also a clear secondary maxima peak of duration 
244 min. between 600 km/s -700 km/s. The similar pattern was also found 
at Pondicherry with maximum occurrence peak having duration 302 min. 
The secondary peak was of 241 min. between 600 km/s - 700 km/s. 
The data of 24* February 2005 for Pondicherry station was not 
available. That is the reason due to which the duration of peak in the plot of 
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Pondicherry in between 400-500 km/s values of Vsw is small in 
comparison to other stations. 
6.1.3 Dependence of occurrence of Pc4 pulsation on Vsw in March 
2005:-
The dependence of occurrence of Pc4 pulsation on solar wind 
velocity (Vsw) observed at all the three stations (Nagpur, Hanle and 
Pondicherry) for the month of March-2005 is plotted in Fig.6.1.3. At all the 
stations, nearly similar pattern of dependence of occurrence of Pc4 
pulsations on Vsw was found. The value of the Vsw ranges from 300 km/s 
to 700 km/s approximately and the maximum occurrence duration was 
observed nearly between 600-700 km/s values of Vsw. 
The maximum value of duration of events at Nagpur is found 709 min. 
corresponding to 600 km/s - 650 km/s Vsw values with the succeeding 
secondary maxima of occurrence between 650 km/s to 700 km/s. At Hanle, 
the main peak of duration was of 719 min. with the succeeding secondary 
maxima of occurrence between 650 km/s to 700 km/s having duration 652 
min. The similar pattern was also found at Pondicherry with maximum 
occurrence peak having duration 702 min. between 650 km/s to 700 km/s 
and succeeding secondary peak was of 666 min. 
6.1.4 Dependence of occurrence of Pc4 pulsation on Vsw in April 
2005:-
The dependence of occurrence of Pc4 pulsation on solar wind 
velocity (Vsw) found at all the three stations (Nagpur, Hanle and 
Pondicherry) for the month of April-2005 is plotted in Fig.6.1.4. It is clear 
from the figure that at all the stations, nearly similar pattern of dependence 
of occurrence of Pc4 pulsations on Vsw was found. The value of the Vsw 
ranges from 350 km/s to 650 km/s approximately in the month concerned 
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and a clear maxima peak was observed between the values of solar wind 
velocity 350 km/s- 400 km/s. 
At the Nagpur, the maximum value of duration of events was found 
1008 min. At Hanle, the main peak of duration was of 1036 min. between 
the values of solar wind velocity 350 km/s - 400 km/s. The similar pattern 
was also found at Pondicherry with maximum occurrence peak having 
duration 1012 min. for these values of solar wind velocity. 
1 NAG 
600-
500-
^ 400 
c 
E, 
O 300 
*^  
CD 
3 
b 
200 
100 
600-
500-
HAN PON 
400 
300 
2 0 0 -
100-
600-
500 
400 
3 0 0 -
2 0 0 -
100 -
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 
Vsw(km/s) Vsw(km/s) Vsw(km/s) 
Fig 6.1.1 Dependence of events duration on Vsw for all three stations 
Nagpur, Hanle and Pondicherry in month January 2005 
113 
Chapter 6: Correlation of pulsation activity with the solar wind. 
400 
350-
300-
^ 250 
c 
E 
•^ 200-
.2 
3 150 
100-
50 
NAG 400 
350 
300 
rh 
HAN 
250 
200 -
150 
100 
50 
rT 
400 
3 5 0 -
3 0 0 -
250 
200 
150 
1 0 0 -
5 0 -
PON 
n 
300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800 
Vsw (km/s) Vsw (km/s) Vsw (km/s) 
Fig 6.1.2 Dependence of events duration on Vsw for all three stations 
Nagpur, Hanle and Pondicherry in month February 2005 
soo 
700-
600-
^ 500 
c 
1 
•^ 400-^ 
D 300 
Q 
NAG 
200-
100-
800 
700 
6 0 0 -
5 0 0 -
4 0 0 -
300 
2 0 0 -
100 
HAN 
800 n 
700 
600 
5 0 0 -
400 
3 0 0 -
2 0 0 -
100-
PON 
200300400500600700800 200300400500600700800 200300400500600700800 
Vsw (km/s) Vsw (km/s) Vsw (km/s) 
Fig 6.1.3 Dependence of events duration on Vsw for all three stations 
Nagpur, Hanle and Pondicherry in month March 2005 
114 
Chapter 6: Correlation of pulsation activity with the solar wind. 
1000-
8 0 0 -
• | 600 
c 
o 
= 400 
200 
„ NAG 1000 
800-
600-
400 
200-
HAN 
1000' 
800-
600-
400 
200' 
n 
PON 
200 300 400 500 600 700 200 300 400 500 600 700 200 300 400 500 600 700 
Vsw (km/s) Vsw (km/s) Vsw (km/s) 
Fig 6.1.4 Dependence of events duration on Vsw for all three stations 
Nagpur, Hanle and Pondicherry in month April 2005 
800 -1 
700 
600 
^ 500 -
c 
E 
•^ 400 
o 
'5 
D 300-
O 
200 -
100 
0 
NAG 
800 -| 
700-
600 -
500 
400 -
300 
200-
100 
HAN 
n 
800 
700 -
600 -
5 0 0 -
400 
300 
200 -
100 
PON 
\1 
200300400500600700800 200300400500600700800 200300400500600700800 
Vsw (km/s) Vsw (km/s) Vsw (km/s) 
Fig 6.1.5 Dependence of events duration on Vsw for all three stations 
Nagpur, Hanle and Pondicherry in month May 2005 
115 
Chapter 6: Correlation of pulsation activity with the solar wind. 
700 
600-
500 
.E 400 
c 
••§ 300 
Q 
200-
100-
NAG 
0- Ld 
700-
600-
500-
400 
300 
200-
100 
HAN 
700-1 
600-
500 
400 
300 
200-
100 
PON 
200 300 400 500 600 700 200 300 400 500 600 700 200 300 400 500 600 700 
Vsw (km/s) Vsw (km/s) Vsw (km/s) 
Fig 6.1.6 Dependence of events duration on Vsw for all three stations 
Nagpur, Hanle and Pondicherry in month June 2005 
6.1.5 Dependence of occurrence of Pc4 pulsation on Vsw in May 2005:-
The dependence of occurrence of Pc4 pulsation on solar wind 
velocity (Vsw) observed at all the three stations (Nagpur, Hanle and 
Pondicherry) for the month of May-2005 is plotted in Fig.6.1.5. It is clear 
from the figure that at all the stations, nearly similar pattern of deperidence 
of occurrence of Pc4 pulsations on Vsw was found. The value of the Vsw 
ranges from 250 km/s to 800 km/s approximately in this month and major 
occurrence was observed nearly between 400 km/s to 600 km/s values of 
Vsw although having a clear distinct maxima between 750 - 800 km/s solar 
wind velocity values. 
The maximum value of duration of events at Nagpur was found 
731min. corresponding to 750 km/s - 800 km/s Vsw values. However the 
figure showed the secondary maxima of occurrence with duration 474 min. 
116 
Chapter 6: Correlation of pulsation activity with the solar wind. 
nearly between 450 km/s to 500 km/s. At Hanle, the main peak of duration 
was of 729 min. between 750 km/s - 800 km/s Vsw velocity values but in 
general, occurrence was high between 400 km/s to 600 km/s. There was 
clear secondary maxima peak of duration 669 min. and 579 min. between 
400 km/s - 500 km/s. The similar pattern was also found at Pondicherry 
with maximum occurrence peak having duration 744 min. between 750 
km/s - 800 km/s and the secondary peak was of duration 672 min. and 600 
min. between 400 km/s - 500 km/s. 
The data for 21"' and 27"' - 31'' of May-2005 for Nagpur station were 
not available. This is why the secondary peaks were found with less 
amplitude at Nagpur in comparison to Hanle and Pondicherry. The absence 
of pulsation activity for 250 km/s - 300 km/s Vsw values was also due to 
this reason. 
6.1.6 Dependence of occurrence of Pc4 pulsation on Vsw in June 2Q05:-
Fig.6.1.6 shows the dependence of occurrence of Pc4 pulsation on 
solar wind velocity (Vsw) observed at all the three stations (Nagpur, Hanle 
and Pondicherry) for the month of June-2005. At all the stations, nearly 
similar pattern of dependence of occurrence of Pc4 pulsations on Vsw was 
found. The value of the Vsw ranges from 300 km/s to 700 km/s 
approximately and the maximum occurrence duration was observed nearly 
between 450-500 km/s values of Vsw. 
At the Nagpur the maximum value of duration of events was found 
412 min. which was less compared to other stations. At Hanle, the main 
peak of duration was of 585 min. between the values of solar wind velocity 
450 km/s - 500 km/s. The similar pattern was also found at Pondicherry 
with maximum occurrence peak having duration 655 min. for these values 
of solar wind velocity. 
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The data of 9 days, 9* June and 23"* - 30* of June-2005 for Nagpur were 
not available and that was the reason due to which the occurrence durations 
for nearly all Vsw velocity values were found very less. The data of lO"" -
12* June-2005 for Hanle were also not available. The events in these days 
were mainly occurred in between 450-500 km/s solar wind velocity values 
and that is why the occurrence peak at Hanle was of less duration for these 
values of Vsw. 
6.1.7 Dependence of occurrence of Pc4 pulsation on Vsw in July 2005:-
The dependence of occurrence of Pc4 pulsation on solar wind 
velocity (Vsw) observed at all the three stations (Nagpur, Hanle and 
Pondicherry) for the month of July-2005 is plotted in Fig.6.1.7. At all the 
stations, nearly similar pattern of dependence of occurrence of Pc4 
pulsations on Vsw was found. The value of the Vsw ranges from 300 km/s 
to 700 km/s approximately and the maximum occurrence duration was 
observed nearly between 400-450 km/s values of Vsw. 
The maximum value of duration of events at Nagpur was found 297 
min. corresponding to 400 km/s - 450 km/s Vsw values. However the graph 
showed the secondary maxima of occurrence with duration 250 min. nearly 
between 550 km/s to 600 km/s. At Hanle, the main peak of duration was of 
230 min. but secondary maxima peak was of duration 223 min. and 208 
min. between 300 km/s - 350 km/s and 600 km/s - 650 km/s Vsw values 
respectively. The similar pattern was also found at Pondicherry with 
maximum occurrence peak having duration 275 min. between 400 km/s -
450 km/s and the secondary peak was of duration 242 min. between 550 
km/s - 600 km/s. 
The data of 20* and 27* July-2005 for Hanle were not available. That 
was the reason for observed difference in the graph pattern for Hanle 
station as compare to other stations. 
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6.1.8 Dependence of occurrence of Pc4 pulsation on Vsw in August 
2005;- Fig.6.1.8 shows the dependence of Pc4 pulsation on solar wind 
velocity (Vsw) observed at all the three stations (Nagpur, Hanle and 
Pondicherry) for the month of August-2005. It is clear from the figure that 
events occurred in between 300 km/s to 700 km/s values of Vsw at Nagpur 
and Pondicherry stations and the occurrence behavior was nearly similar at 
these two stations. At Hanle, data for only 5 days in August-2005 was 
available and that is why the behavior found at Hanle was totally different. 
The maximum value of duration of events at Nagpur is found 762 min. 
corresponding to 600 km/s to 650 km/s with succeedary secondary maxima 
of duration 643 min. in between 650 km/s to 700 km/s values of Vsw. The 
similar pattern was also found at Pondicherry with maximum occurrence 
peak having duration 755 min. and the secondary peak was of 661 min. in 
between 650 km/s to 700 km/s values of Vsw. 
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6.1.9 Dependence of occurrence of Pc4 pulsation on Vsw in September 
2005;-
The dependence of occurrence of Pc4 pulsation on solar wind 
velocity (Vsw) observed at all the three stations (Nagpur, Hanle and 
Pondicherry) for the month of September-2005 is plotted in Fig.6.1.9. 
During this month, the data of very few days for Hanle and Nagpur were 
available. That is why the results of this plot are not much reliable and are 
not described in detail. 
6.1.10 Dependence of occurrence of Pc4 pulsation on Vsw in October 
2005:-
The dependence of occurrence of Pc4 pulsation on solar wind 
velocity (Vsw) observed at all the three stations (Nagpur, Hanle and 
Pondicherry) for the month of October-2005 is plotted in Fig.6.1.10. From 
figure it is observed that events occurred in between 300 km/s to 700 km/s 
values of Vsw at Nagpur and Pondicherry but the majority of occurrence 
was in between 300 km/s to 700 km/s values of Vsw. The occurrence 
behavior was nearly similar at these two stations. At Hanle, the data of only 
09 days in October-05 were available. Consequently the behavior found at 
Hanle was different in comparison to the other two stations. 
The maximum value of duration of events at Nagpur is found 1102 
min. corresponding to 300 km/s to 350 km/s with succeedary secondary 
maxima of duration 854 min. in between 350 km/s to 400 km/s values of 
Vsw. The similar pattern was also found at Pondicherry with maximum 
occurrence peak having duration 1090 min. and the secondary peak was of 
861 min. in between 350 km/s to 400 km/s values of Vsw. 
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6.1.11 Dependence of occurrence of Pc4 pulsation on Vsw in November 
2005;-
Fig.6.1.11 shows the dependence of Pc4 pulsation on solar wind 
velocity (Vsw) observed at all the three stations (Nagpur, Hanle and 
Pondicherry) for the month of November-2005. It is clear from the figure 
that at all the stations, nearly similar pattern of dependence of occurrence of 
Pc4 pulsations on Vsw was found. The value of the Vsw ranges from 300 
km/s to 700 km/s approximately in the month and occurrence of events 
observed nearly for all values of Vsw. 
The maximum value of duration of events at Nagpur is found 489 min. 
corresponding to 400 km/s - 450 km/s Vsw values. At Hanle, the main peak 
of duration was of 472 min. The similar pattern was also found at 
Pondicherry with maximum occurrence peak having duration 490 min. 
corresponding to 400 km/s - 450 km/s Vsw values. 
The data of 18''' of Nov.-2005 for Hanle was not available. The event in 
that day was mainly in between 300 km/s - 350 km/s Vsw values and that is 
why the occurrence peak was of less duration in comparison to the other 
stations. 
6.1.12 Dependence of occurrence of Pc4 pulsation on Vsw in December 
2005;-
The dependence of occurrence of Pc4 pulsation on solar wind 
velocity (Vsw) observed at all the three stations (Nagpur, Hanle and 
Pondicherry) for the month of December-2005 is plotted in Fig.6.1.12. . It 
is clear from the figure that the value of the solar wind velocity ranges from 
300 km/s to 700 km/s approximately in this month and occurrence of events 
observed nearly for all values of Vsw with a clear maxima peak in between 
650 km/s - 700 km/s Vsw values. 
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At Nagpur, the maximum value of duration of events was found 701 
min. corresponding to 650 km/s - 700 km/s Ysw values. The similar pattern 
was also found at Pondicherry with maximum occurrence peak having 
duration 768 min. corresponding to 400 km/s - 450 km/s Vsw values. At 
Hanle, there was absence of this type occurrence pattern of Pc4 pulsations. 
It was mainly due to the unavailability of data for T' and 27* of December 
2005. Also the data of 21'* of Dec. and 28* - 31'' of December 2005 for 
Nagpur was not available. The difference in the graph pattern was due to 
this unavailability of data at Nagpur. 
6.1.13 Dependence of occurrence of Pc4 pulsation on Vsw in whole year 
2005 [After Ansari & Nafees, 2012(a)]:-
The dependence of occurrence of Pc4 pulsation on solar wind 
velocity (Vsw) observed at all the three stations (Nagpur, Hanle and 
Pondicherry) for the whole year 2005 is plotted in Fig.6.1.13[After Ansari 
& Nafees, 2012(a)]. It is clear from the figure that at all the stations, nearly 
similar pattern of dependence of occurrence of Pc4 pulsations on Vsw was 
found. The value of the solar wind velocity ranges from 250 km/s to 1000 
km/s approximately in the whole year and occurrence of events observed 
nearly for all values of Vsw. The majority of Pc4 pulsation occurrence was 
found in between 300 km/s to 700 km/s Vsw velocity values. 
The maximum values of duration of events at Nagpur are found 3286 
min. and 4009 min. corresponding to 300 km/s - 400 km/s Vsw values. 
However the graph showed the secondary maxima of occurrence nearly 
between 600 km/s to 700 km/s. At Hanle, the main peak of duration was of 
3658 min. There was secondary maxima peak of duration 2762 min. 
between 600 km/s - 650 km/s. The similar pattern was also found at 
Pondicherry with maximum occurrence having durations 4559 min. and 
3541 min. corresponding to 350 km/s - 450 km/s Vsw values. There was 
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also major occurrence of Pc4 pulsations corresponding to 600 km/s - 700 
km/s Vsw values. 
For Hanle, the duration in Pc4 occurrence was found to be less dominant in 
comparison to other stations and the occurrence pattern was found slightly 
different from Nagpur and Pondicherry. The main reason of this was the 
unavailability of data in most of the days in August, September and 
October 2005 for this station. 
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6.2 Dependence of occurrence of Pc4 on IMF inagnitude:-
The dependence of occurrence of Pc4 magnetic micropulsations on 
the magnitude of interplanetary magnetic field (IMF) are analysed month 
wise for the whole year of 2005 for all three stations Nagpur, Hanle and 
Pondicherry and results are reported in this section. The magnitude of IMF 
depicted on the X-axis is in nano tesla (nT) and corresponding durations of 
occurrence are in minutes on the Y-axis. 
6.2.1 Pc4 Dependence on IMF magnitude in January 2005;-
The dependence of occurrence of Pc4 magnetic pulsations on the 
magnitude of interplanetary magnetic field (IMF) for the month of January 
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2005 at all the three stations is shown in the Fig. 6.2.1, It is clear from the 
figure that although the occurrence of events was observed up to the IMF 
magnitude 22 nT in this month but majority of events occurrence was seen 
when the value of IMF magnitude was in between 2-10 nT. The maximum 
occurrence found related to the magnitude of IMF in between 4- 6 nT. 
Nearly similar behavior was observed at all the three stations Nagpur, 
Hanle and Pondicherry which is clear from the plot. The duration of 
maximum occurrence was 576 min. at Nagpur for the IMF value 5-6 nT. At 
Hanle, the duration of maximum occurrence was found 612 min. while at 
Pondicherry it was 570 min. between the 5-6 nT value of IMF. 
The data of 20 January 2005 was not available for Nagpur. This is the 
cause of absence of occurrence activity in between 2-3 nT value of IMF in 
the figure. Also the data of 16 January for Hanle was not available but it 
did not affect the plot significantly as data of this day had very small 
duration belonging to 9-10 nT IMF values. 
6.2.2 Pc4 Dependence on IMF magnitude in February 2005:-
Fig. 6.2.2 shows the plot of dependence of occurrence of Pc4 
magnetic micropulsations on the magnitude of IMF for the month of 
February 2005 for all the three stations. From the plot it is clear that the 
majority of events occurrence was seen during the value of IMF magnitude 
in between 2-10 nT with maximum occurrence found when the magnitude 
of IMF was in between 4- 6 nT. Nearly similar behavior was recorded at all 
the three stations Nagpur, Hanle and Pondicherry. At Nagpur, the duration 
of maximum occurrence was 373 min. for the IMF magnitude value 4-5 nT. 
At Hanle, the duration of maximum occurrence was found 374 min. while 
at Pondicherry it was 370 min. between the 4-5 nT values of IMF 
magnitude. 
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The data of 24"* February 2005 for Pondicherry station was not 
available. That is the reason due to which the duration of peak in the plot of 
Pondicherry station in between 7-8 nT value of IMF has less value. 
6.2.3 Pc4 Dependence on IMF magnitude in March 2005:-
The dependence of occurrence of Pc4 magnetic pulsations on the 
magnitude of IMF for the month of March 2005 at the three stations is 
shown in the Fig. 6.2.3. It is clear from the plot that although the 
occurrence of few events was. observed up to the IMF magnitude 13 nT in 
this month but maximum occurrence was in between 4- 6 nT magnitude of 
IMF. Nearly similar behavior was observed at all the three stations Nagpur, 
Hanle and Pondicherry which is clear from the figure. The duration of 
maximum occurrence was 683 min. at the Nagpur station for the IMF 
values 4-5 nT. At Hanle, the duration of maximum occurrence was found 
696 min. while at Pondicherry station it was 749 min. during the 4-5 nT 
values of IMF. 
6.2.4 Pc4 Dependence on IMF magnitude in April 2005:-
The dependence of occurrence of Pc4 magnetic pulsations on the 
magnitude of IMF for the month of April 2005 for all the three stations is 
shown in the Fig. 6.2.4. It is clear from the figure that although the 
occurrence of few events was observed up to the IMF magnitude 13 nT in 
this month but maximum occurrence was in between 4- 6 nT magnitude of 
IMF. Nearly similar behavior was observed at all the three stations Nagpur, 
Hanle and Pondicherry. 
At Nagpur, the duration of maximum occurrence was found 864 min. 
for the IMF magnitude values 4-5 nT. At Hanle, the duration of maximum 
occurrence was found 906 min. while at Pondicherry station it was 897 
min. between the 4-5 nT values of IMF magnitude. 
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6.2.5 Pc4 Dependence on IMF magnitude in May 2005:-
The dependence of occurrence of Pc4 magnetic pulsations on the 
magnitude of IMF for the month of May 2005 observed at all the three 
stations is shown in the Fig. 6.2.5. It is clear from the figure that although 
the occurrence of events was observed up to the IMF magnitude 20 nT in 
this month but majority of events occurrence was seen when the value of 
IMF magnitude was in between 3-10 nT with maximum occurrence found 
for the values of IMF in between 8- 9 nT. Nearly similar behavior was 
recorded at all the three stations Nagpur, Hanle and Pondicherry with the 
maximum occurrence duration 644 min. at the Nagpur station for the IMF 
value 8-9 nT. At Hanle, the duration of maximum occurrence was found 
642 min. while at Pondicherry it was 669 min. for these values of IMF. 
The data for 21" and 27* - 31" of May-2005 for Nagpur were not 
available. This is why the duration observed for 3-4 nT IMF values is less 
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in comparison to other stations. The cause of absence of occurrence activity 
in between 9-10 nT and 17-18 nT values of IMF at Nagpur was also due to 
this unavailability of data for Nagpur station. 
6.2.6 Pc4 Dependence on IMF magnitude in June 2005:-
Fig. 6.2.6 shows the dependence of occurrence of Pc4 magnetic 
pulsations on the magnitude of IMF for the month of June 2005 for all the 
three stations. From the plot it is clear that the majority of events 
occurrence was seen during the values of IMF magnitude in between 4-9 
nT with maximum occurrence found when the magnitude of IMF was in 
between 4- 5 nT. Nearly similar behavior was observed at all the three 
stations Nagpur, Hanle and Pondicherry. At the Nagpur, the duration of 
maximum occurrence was 266 min. for the IMF magnitude value 4-5 nT. 
At Hanle, the duration of maximum occurrence was found 276 min. while 
at Pondicherry it was 376 min. between the 4-5 nT values of IMF 
magnitude. 
The data of 9 days, 9* June and 23"^  - 30"^  of June-2005 for Nagpur 
were not available and that was the reason due to which the occurrence 
durations for nearly all IMF values were found less at Nagpur in 
comparison to the other stations. The data of 10* -12* June-2005 for Hanle 
station were also not available. This was the main cause of absence of 
occurrence activity in between 14-15 nT values of IMF and less duration 
observed during the 8-9 nT Values of IMF at Hanle. 
6.2.7 Pc4 Dependence on IMF magnitude in July 2005;-
The dependence of occurrence of Pc4 magnetic pulsations on the 
magnitude of IMF for the month of July 2005 for all the three stations is 
shown in the Fig. 6.2.7. The majority of events occurrence in this month 
was seen for the values of IMF magnitude in between 2-7 nT but maximum 
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occurrence found for the values of IMF in between 10 - 11 nT. Nearly 
similar behavior was observed at all the three stations Nagpur, Hanle and 
Pondicherry which is clear from the figure. 
At Nagpur, the duration of maximum occurrence was 288 min. for the 
IMF value 10-11 nT with secondary maxima of duration 217 min. for 6-7 
nT IMF values. At Hanle, the duration of occurrence was found 188 min. 
for the IMF value 10-11 nT with duration maxima of 226 min. for 6-7 nT 
IMF values. While at Pondicherry the maximum occurrence was 277 min. 
for the IMF values 10-11 n t with secondary maxima of duration 224 min. 
for 6-7 nT IMF values. 
The data of 20*'' and 27* July-2005 for Hanle station were not 
available. That was the reason for observed differences in the graph pattern 
for Hanle as compare to other stations. 
6.2.8 Pc4 Dependence on IMF magnitude in August 2005:-
Fig. 6.2.8 shows the dependence of occurrence of Pc4 magnetic 
pulsations on the magnitude of IMF for the month of August 2005 for all 
the three stations. It is clear from the figure that although the few events 
occurred up to the IMF magnitude 13 nT in this month but majority of 
events occurrence was seen for the IMF magnitude values in between 2-10 
nT. The maximum occurrence was found for the magnitude of IMF in 
between 7- 8 nT. Nearly similar behavior was observed for Nagpur and 
Pondicherry but at Hanle station data for only 5 days in August-2005 was 
available and that is why no clear behavior can be found at this station. 
The duration of maximum occurrence was 686 min. at the Nagpur for 
the IMF values 7-8 nT while 679 min. duration of occurrence was also 
observed for 2-3 nT vales of IMF. At Pondicherry, the occurrence durations 
of 706 min. and 652 min. were found for these values of IMF. 
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6.2.9 Pc4 Dependence on IMF magnitude in September 2005;-
Fig. 6.2.9 shows the dependence of occurrence of Pc4 magnetic 
pulsations on the magnitude of IMF for the month of September 2005 for 
all the three stations. In this month the majority of events occurrence was 
seen for the IMF magnitude values in between 3-9 nT. The maximum 
occurrence was found for the magnitude of IMF in between 6-7 nT. Nearly 
similar behavior was observed for Nagpur and Pondicherry but at Hanle, 
data for only 5 days in August-2005 was available and that is why no clear 
behavior can be found at this station. The data at Nagpur station for many 
days was also not available. That was the cause of observed differences 
between Nagpur and Pondicherry stations plot. 
The duration of maximum occurrence was 441 min. at the 
Nagpur for the IMF values 6-7 nT while 414 min. duration of occurrence 
was also observed for 5-6 nT vales of IMF. At Pondicherry, the occurrence 
durations of 453 min. and 412 min. were found for these values of IMF. 
6.2.10 Pc4 Dependence on IMF magnitude in October 2005:-
The dependence of occurrence of Pc4 magnetic pulsations on the 
magnitude of IMF for the month of October 2005 for all the three stations is 
shown in the Fig. 6.2.10. From the figure it is clear that majority of events 
at Nagpur and Pondicherry occurred for the values of IMF magnitude in 
between 3-8 nT with maximum occurrence duration found when the 
magnitude of IMF was 4- 5 nT . 
At the Nagpur, the duration of maximum occurrence was 684 min. for 
the IMF value 4-5 nT with secondary maxima of duration 578 min. for 6-7 
nT IMF values. While at Pondicherry, the maximum occurrence was 707 
min. and 593 min. for these IMF values. The data of only 09 days in 
October-2005 were available at Hanle station. Consequently no clear 
behavior could be found at Hanle. 
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6.2.11 Pc4 Dependence on IMF magnitude in November 2005:-
The dependence of occurrence of Pc4 magnetic pulsations on the 
magnitude of IMF for the month of November 2005 for all the three 
stations is shown in the Fig. 6.2.11. From the figure it is clear that although 
the few events occurred up to the IMF magnitude 15 nT in this month but 
majority of events occurrence was seen for the IMF magnitude values in 
between 3-9 nT. The maximum occurrence was found for the magnitude of 
IMF 5-6 nT. Nearly similar behavior was observed for all the three stations 
Nagpur, Hanle and Pondicherry which is clear from the figure. The 
duration of maximum occurrence was 653 min. at the Nagpur station for 
the IMF value 5-6 nT. At Hanle, the duration of maximum occurrence was 
found 594 min. while at Pondicherry it was 659 min. between the 5-6 nT 
value of IMF. 
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The data of 18"^  of Nov.-2005 for Hanle was not available. The event 
in that day was mainly in between the 5-6 nT IMF values and that is why 
the occurrence peak was of less duration in comparison to the other stations 
during to these values of IMF. 
6.2.12 Pc4 Dependence on IMF magnitude in December 2005:-
Fig. 6.2.12 shows the dependence of occurrence of Pc4 magnetic 
pulsations on the magnitude of IMF for the month of December 2005 for all 
the three stations. It is clear from the figure that although the occurrence of 
events was observed up to the IMF magnitude 15 nT in this month but 
majority of events occurrence was seen when the value of IMF magnitude 
was in between 2-8 nT with maximum occurrence found for the magnitude 
of IMF 4-5 nT. Nearly similar behavior was recorded at all the three 
stations Nagpur, Hanle and Pondicherry which is clear from the plot. The 
duration of maximum occurrence was 704 min. at the Nagpur station for 
the IMF value 4-5 nT. At Hanle, the duration of maximum occurrence was 
found 1036 min. while at Pondicherry it was 1060 min. between the 4-5 nT 
value of IMF. 
The occurrence behavior observed at Hanle was somewhat different 
from other stations. It was mainly due to the unavailability of data for 1^ ' 
and ll*" of December 2005. Also the data of 21'' of Dec. and 28* - 31'' of 
December 2005 for Nagpur was not available. This was the main cause for 
the less duration observed at this station for different values of IMF. 
6.2.13 Pc4 Dependence on IMF magnitude for tiie total year 2005 [After 
Ansari & Nafees, 2012(a)]:- The dependence of occurrence of Pc4 
magnetic pulsations on the magnitude of IMF for the total year 2005 for all 
the three stations is shown in the Fig. 6.2.13 [After Ansari & Nafees, 
2012(a)]. From the figure it is clear that although the occurrence of events 
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was observed up to the IMF magnitude 22 nT but majority of events 
occurrence was seen when the value of IMF magnitude was in between 2-
10 nT with maximum occurrence found when the magnitude of IMF was in 
between 4- 6 nT. Nearly similar behavior was recorded at all the three 
stations Nagpur, Hanle and Pondicherry which is clear from the plot. The 
duration of maximum occurrence was 5458 min. at the Nagpur station for 
the IMF values 4-5 nT. At Hanle, the duration of maximum occurrence was 
found 5116 min. while at Pondicherry it was 6927 min. between the 4-5 nT 
values of IMF. 
For Hanle, the duration in Pc4 occurrence was found to be less' 
dominant in comparison to other stations and the occurrence pattern was 
found slightly different from Nagpur and Pondicherry station. The main 
reason of this was the unavailability of data in most of the days in August, 
September and October 2005 for this station. 
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7.1 Discussion: -
Determining the hourly occurrence of ULF waves and their seasonal 
variation is important for quantifying their propagation and generation 
mechanism properties. In this regard, the results of the analysis of diurnal 
and seasonal variation in the occurrence of very low latitude geomagnetic 
Pc4 pulsations during the whole year 2005 recorded at three stations 
(Nagpur, Hanle and Pondicherry) situated at very low latitudes in India 
have been reported in the chapter-4. Occurrence periods of events in each 
day were recorded and consequently monthly analysis of occurrence period 
corresponding to each hour data bin was carried out. The monthly results 
have indicated that although events occurred during all the hours of the day, 
yet the majority of occurrence was seen between 14 hr UT to 21 hr UT at 
all the three stations in nearly every month. The maximum occurrence peak 
was generally found to be in between 17 hr to 19 hr UT interval during all 
the months except in April and May when the maximum occurrence peaks 
were observed at 15-16 hr and 06-07 hr UT intervals respectively. Also it is 
evident from the graph of the hourly occurrence for the total year (Fig. 
4.13) that the maximum occurrence peak was observed in the 17-18 hr UT 
interval with a succeeding secondary peak at 18-19 hr UT. The maxima 
were found decreasing in the station order Pondicherry, Nagpur and Hanle 
as is evident from the plot of the total year which seems to indicate that 
occurrence period decreases with increasing latitude but this pattern was 
not present in various months of the year. No clear dependence of pulsation 
occurrence period on latitude was found as the maximum occurrence peak 
periods were varying with latitude in a very complicated manner during the 
different months of the year. The variation in Y component occurrence was 
also found to be nearly similar to the X component with less power 
observed at all the three stations. It was found that in August, September 
and October the occurrence behavior at Nagpur and Pondicherry stations 
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was nearly similar but the behavior found at Hanle was different in 
comparison to the other two stations. The cause of this was the 
unavailability of data during most of the days in August, September and 
October. The main occurrence of Pc4 events observed in the current study 
between 14 hr UT to 20 hr UT time interval have also been reported in 
many previous studies [Takahashi et al. (2005), Obana et al. (2005), 
ZiesoUeck et al. (1997), Zanandrea et al. (2004)]. Takahashi et al. (2005) 
reported Pc4 power enhancement from 1400 hr UT to 1600 hr UT at 
ground stations located on the nightside at low latitude station Guam 
(Geomagnetic lat. 5.82 N) and by comparing it with dayside power 
enhancement at Eusebio (Geomagnetic latitude = 3.62 N), they suggested 
that the pulsations detected on the nightside originated on the dayside and 
most likely by an extended region of ULF waves in front of the bow shock. 
They also reported that nightside Pc4 pulsations were associated with a 
steady solar wind and low IMF cone angle and there was absence of 
substorm onsets or intensification. With these conditions they pointed to the 
possibilit)^ that Pc4 pulsations originated from the upstream region instead 
from processes occurring in the nightside magnetosphere. The present study 
also indicates the main occurrence peaks during local nighttime (15-20 hr 
UT) with many other Pc4 events in local daytime during the course of 
study, which indicates the possibility of origin of these waves from the 
upstream bowshock region instead from processes occurring in the 
nightside magnetosphere [Ansari et al., 2009(a)]. 
In the study of seasonal variation of occurrence the maximum 
occurrence peaks in the local winter and local autumn are found to be one 
hour later from the maximum occurrence peak of the total year occurring at 
17-18 hr UT while the maximum occurrence peaks in local spring and local 
summer have occurred at the same time as found in the occurrence of total 
year data. The seasonal variation in Pc4 occurrence also shows the main 
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peaks in local winter and local autumn at the same time (18-19 hr UT) at all 
the stations as depicted in Fig. 4.14 and Fig. 4.17. These results are in 
agreement with the previous studies of Ansari and Fraser (1985) and 
Kuwashima et al. (1978) where the main occurrence peaks in winter and 
equinox did not change with time [Ansari et al., 2009(a)]. 
The results of the analysis of diurnal and seasonal variations in the 
frequency of very low latitude geomagnetic Pc4 pulsations during the 
whole year 2005 recorded at the three stations situated at very low latitudes 
in India have been reported in the chapter-5. Diurnal variation in the 
frequency of Pc4 magnetic pulsations during the whole year 2005 indicated 
that there were coincident peaks found in the frequencies occurring 
simultaneously at all the stations between 04-05 hr UT and 18-19 hr UT 
interval which is clear from the plots of the total year (Fig. 5.13). The lower 
latitude stations Pondicherry and Nagpur also exhibited a peak in the 
frequency, occurring between 21-22 hr UT interval but it was absent at the 
comparatively higher latitude station Hanle. It can also be seen from the 
plots of total year that the frequency variation at all the stations showed 'U-
type' pattern between 00-10 hr UT time interval and 'inverted U-type' 
pattern in between 12-24 hr UT time interval. Ansari and Fraser (1985) 
have also reported this type of behavior in the frequency variation in south-
east Australia corresponding to Australian Eastern Standard Time (AEST) 
[Ansari et al, 2009(b)]. 
The seasonal variations in the average frequencies are found to be 
higher in the local summer than in the local winter as is evident from plots 
of Fig. 5.14 to Fig. 5.17. These results do not agree with those of Ansari 
and Fraser (1985) who reported higher average frequencies in local winter 
than in local summer at the south-east Australian stations. Kuwashima et al. 
(1978) has also reported peak frequency in winter and equinox that is 
contrary to our results. In addition, it is evident from Fig. 5.14 that in 
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general, the average frequency tends to decrease sUghtly throughout the day 
in local winter at Hanle and Pondicherry. Similar results have also been 
reported by Ansari and Fraser (1985) and Barker (1977). This trend has 
also been seen at synchronous orbit in Pc3 harmonic structure by Takahashi 
and McPherron (1982), The average frequency variation trend found at 
Nagpur was slightly different from other stations [Ansari et al., 2009(b)]. 
The relation of pulsation activity with the solar wind velocity and 
IMF magnitude are very much valuable for understanding the 
generation and propagation mechanisms of these waves, specially to 
check their origin in the region upstream to the bow shock. In this 
regard the results of the analysis of the dependence of occurrence of 
geomagnetic Pc4 pulsations, recorded at the three stations situated at 
very low latitudes in India, on solar wind velocity (Vsw) and magnitude 
of the interplanetary magnetic field (IMF) during the whole year 2005 
have been reported in the chapter-6. It is observed from the graph 
6.1.13, depicting dependence of occurrence period of Pc4 pulsations on 
solar wind velocity that the value of the solar wind velocity ranges from 
250 km/s to 1000 km/s approximately in the whole year and occurrence 
of events observed nearly for all values of Vsw. The majority of Pc4 
pulsation occurrence was found in between 300 km/s to 700 km/s Vsw 
velocity values. The maximum values of duration of pulsation events at 
all the stations are found corresponding to 300 km/s - 400 km/s Vsw 
values. However the graph showed the secondary maxima of 
occurrence nearly between 600 km/s to 700 km/s. The dependence of 
occurrence of Pc4 magnetic pulsations on the magnitude of IMF for the 
total year 2005 for all the three stations is shown in the fig. 6.2.13 
[Ansari & Nafees, 2012(a)l. From the graph it is clear that although the 
occurrence of events was observed up to the IMF magnitude 22 nT but 
majority of events occurrence was seen when the value of IMF 
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magnitude was in between 2-10 nT with maximum occurrence found 
with the magnitude of IMF in between 4- 6 nT. Nearly similar 
behavior was recorded at all the three stations Nagpur, Hanle and 
Pondicherry. Also it is evident from the monthly analysis that this 
trend of occurrence pattern was observed in nearly all the months. The 
duration of maximum occurrence was 5458 min. at the Nagpur station 
for the IMF values 4-5 nT. At Hanle station the duration of maximum 
occurrence was found 5116 min. while at Pondicherry station it was 
6927 min. between the 4-5 nT values of IMF. For Hanle, the duration 
in Pc4 occurrence was found to be less dominant in comparison to 
other stations and the occurrence pattern was found slightly different 
from Nagpur and Pondicherry station. The main reason of this was the 
unavailability of data in most of the days in August, September and 
October 2005 for this station [Ansari & Nafees, 2012(a)]. 
The following text of the discussion part is being reproduced from 
Ansari et al., 2009(a): 
There are two possible locations for the external origin of 
pulsations, at the magnetopause and upstream from the magnetopause. 
Surface waves generated by the K-H instability are important at the 
magnetopause [Yumoto (1984), Kivelson and Pu, (1984), Wu (1986)] 
while upstream from the magnetopause large amplitude waves in the 
quasi-parallel bow shock are swept back into the magnetosheath and 
then penetrate the magnetosphere and couple to the standing 
oscillations of the magnetospheric field lines (Greenstadt 1972). This 
coupling may occur at all latitudes (Yumoto & Saito 1983). 
The characteristics of the waves excited by the K-H instability 
are dependent on the length of the field lines and the plasma density at 
the magnetopause (Chen and Hasegawa, 1974). The association of 
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westward propagation of Pc3 waves with left liand (LH) ellipticity pre 
noon and eastward propagation witli riglit Iiand (RH) ellipticity after 
noon for the azimuthal pair of stations (Ansari and Fraser, 1986) is 
consistent with the waves generated at the magnetopause by the K-H 
instability. The Pc3 noon peaks in occurrence (Ansari and Fraser, 
1985), however, cannot be explained by this mechanism. It is also 
difficult to see how the externally excited evanescent surface waves 
with large damping rates can propagate deep into the magnetosphere 
and through the plasma pause to couple with the field line resonance at 
low latitudes. In addition the threshold velocity for the K-H instability 
involves the angle between the magnetic fields across the 
magnetopause. Hence on a statistical basis it is likely that the 
magnetopause is more unstable for higher solar wind velocity (Ansari 
2007). 
Greenstadt et al. (1983) has presented the first direct evidence for 
the propagation of external Pc3-4 wave power into the magnetosphere. 
They verified with individual events from ISEE 1-2 spacecraft that 
same frequencies in 10-100 mHz band were observed in the 
magnetosheath and also in the magnetosphere with lower power. 
Tomomura et al. (1983) also reported similar results from six months 
data of ISEE in the 3 - 3 0 mHz band. The transmission of upstream 
wave energy into the magnetosphere probably occurs predominantly 
near the sub-solar region. This is a requirement for these waves to gain 
access to low latitudes. The index of refraction of the magnetospheric 
plasma decreases with decreasing redial distance except at the 
plasmapause (Burton et al. 1970). This decrease should refract waves 
away from radial propagation reducing the wave energy that can 
penetrate to low latitudes, allowing access only to those waves that are 
nearly radially propagating. This is supported by the results of 
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Tomomura et al. (1983) who have shown that the wave spectral power 
is generated in the magneto-sheath around noon. The quasi-parallel 
shock transition has been found to be highly turbulent (Greenstadt et 
al. 1977). Furthermore the amplitude of bow-shock-associated waves 
seems to be dependent on the magnetosonic Mach Number (Formisano 
et al. 1973) and therefore on the solar wind velocity. The association of 
higher probability of Pc3 occurrence at low latitudes with higher solar 
wind velocity is therefore more likely to be a consequence of bow-shock 
associated waves. The results of Yumoto et al. (1984) support this mode 
of Pc3 wave generation and resonance. Using the data of search coil 
magnetometers from two Antarctic stations (sub-auroral Pc3), 
Chugunova et al. (2003) have found that the suggested idea about the 
possibility of two channels of the penetration of primary upstream 
turbulence, i.e., via the cusp and via the lobe flanks is statistically 
feasible. More recently Howard & Menk (2005) have undertaken the 
study of Pc3-4 waves recorded on the ground with the IMAGE 
magnetometer array at higher geomagnetic latitudes (56°- 76°) during 
January & March 1998. The occurrence and the frequency of these 
waves have suggested that they are generated by the upstream ion-
cyclotron resonance mechanism, with no evidence of generation by the 
Kelvin-Helmholtz instability. Also, in their study with Pc3-4 
geomagnetic pulsation data recorded at very low and equatorial 
latitudes (L = 1.0 -1.2) in Brazil, Zanandrea et al. (2004) discuss the 
observed characteristics of Pc4 is due to the increase of ionospheric 
conductivity and intensification of equatorial electrojet during daytime 
that regulated the propagation of compressional waves generated in 
the foreshock region and transmitted to the magnetosphere and 
ionosphere at low latitudes. They have suggested that the source 
mechanism of the observed Pc3- 4 modes may be the compressional 
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global mode or trapped fast mode in the plasmasphere during field line 
oscillations at very low and equatorial latitudes. Takahashi et al. (2005) 
have pointed a common upstream wave energy source for Pc4 
pulsations observed on the nightside. They have observed strong low 
latitude Pc4 pulsations on dayside by IMP- 8 during the period of 
nightside Pc4 pulsations [Ansari etal., 2009(a)]. 
Vellante et al. (2004) reported that the frequency of compressional 
wave observed by CHAMP was very close to the expected frequency of 
upstream waves in the earth's foreshock and with their observational 
results they discussed that the upstream waves are the main cause of 
the day time Pc3 pulsations and supported the predictions of Yumoto 
et al. (1984). Heilig et al. (2007) also reported in their comprehensive 
study of ULF upstream waves observed in the topside ionosphere by 
CHAMP satellite and on the ground by MMIOO magnetometer array 
that they found a steep rise in compressional wave power after sunrise 
and also another increase after 19:00 LT, lasting until midnight at low 
latitudes. They also found higher wave power input with higher speed 
solar wind. The results of present study are also in agreement with the 
observed characteristics of ULF upstream waves by Heilig et al. (2007) 
who supported with their results, a partial but direct propagation of 
compressional waves from the sub-solar magnetopause through the 
magnetosphere towards the earth, as proposed by Yumoto et al. (1984). 
The results of dependence of occurrence of these pulsations on solar 
wind velocity are in agreement with the internationally reported study 
of Ansari (2008), who has demonstrated through his study that the 
occurrence probability of low latitude ULF Pc3 pulsations recorded at 
four ground stations in south-east Australia depends on solar wind 
velocity with a threshold at about 300 km/s and ranging up to 700 
km/s. He indicates that it is likely the bow-shock associated waves, 
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originating from the direct interaction between tlie solar wind and ttie 
magnetosphere, exciting tlie Pc3 pulsations. In the light of above 
discussed excitation mechanisms and the observed results of the 
diurnal and seasonal variation of low latitude Pc4 pulsations and their 
dependence on solar wind velocity and IMF magnitude, it is suggested 
that the upstream waves are a major source of Pc4 pulsations detected 
on nightside which were originated on the dayside and most likely by 
an extended region of ULF waves. It is further suggested that the 
plasmaspheric cavity mode resonance may have played a role in 
filtering the broadband input to the magnetosphere [Ansari et al., 
2009(a)]. 
Lei et al. (2008) reported that the solar wind velocity exhibit a very 
harmonic 9-day variation during the first 270 days of the year 2005. 
Concerning it, year 2005 may be very interesting for solar wind related 
source. In this regard efforts made to trace this periodicity in present 
data of Pc4 pulsations and data of solar wind velocity but this 
periodicity could not be observed in the data concerned. Perhaps it was 
not possible to trace this periodicity with the data used for analysis as 
there was unavailability of data for several days in August, September 
and October for Hanle and Nagpur stations. 
7.2 Conclusion: -
The statistical characteristics of very iow latitude geomagnetic 
pulsations in Pc4 frequency range in India have been investigated in the 
current study and the results of the analysis of diurnal and seasonal 
variations in the occurrence and frequency of Pc4 events at these latitudes 
during the whole year 2005 at the three stations Hanle, Nagpur and 
Pondicherry and their dependence on solar wind velocity and 
interplanetary magnetic field (IMF) magnitude have been reported. The 
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majority of occurrence of Pc4 events was seen between 14 hr UT to 21 hr 
UT at all the three stations in nearly every month. The maximum 
occurrence peak was generally found in between 17 hr to 19 hr UT interval 
in all the months except in April and May when the maximum occurrence 
peaks were found at 15-16 hr and 06-07 hr UT respectively. The majority 
of occurrence of Pc4 events observed in our studies between 14 hr UT to 20 
hr UT (local nighttime) has also been reported in many previous studies. 
Many other Pc4 events in local daytime were also found in the course of the 
present study. The results are in agreement with suggestions of Takahashi 
et al. (2005) who reported and suggested that the pulsations detected on the 
nightside originated on the dayside and most likely by an extended region 
of ULF waves in front of the bow shock and not from processes occurring 
in the nightside magnetosphere as there was absence of substorm onsets or 
intensification. Similar results were also reported by Villante et al. (1999), 
Engebtretson et al. (1989). The main peaks in Pc4 occurrence at local 
winter and local autumn found at the same time at all the three stations also 
agree with the previous studies of Ansari and Fraser (1985) and 
Kuwashima et al. (1978). No clear dependence of pulsation occurrence 
period on latitude was found as the maximum occurrence peak periods were 
varying with latitude in a very complicated manner during the different 
months of the year [Ansari et al., 2009(a)]. 
The frequency variation plot for the total year at all the stations 
indicated 'U-type' pattern between 00-10 hr UT interval and 'inverted U-
type' pattern in between 12-24 hr UT interval, which is similar to the 
results of Ansari and Fraser (1985). The seasonal variations in the average 
frequencies found to be higher in the local summer than in the local winter 
are in contrast to the results reported by Ansari and Fraser (1985). These 
findings do not agree with the results reported by Kuwashima et al. (1978). 
However, in general the average frequency tends to decrease slightly 
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throughout the day in local winter at Hanle and Pondicherry, which is 
similar to the results reported by Ansari and Fraser (1985) and Barker 
(1977). This trend has also been seen at synchronous orbit in Pc3 harmonic 
structure by Takahashi and McPherron (1982) [Ansari et al., 2009(a)]. 
In the study of dependence of occurrence of Pc4 pulsations on 
solar wind velocity, the majority of Pc4 pulsation occurrence was 
found in between 300 km/s to 700 km/s Vsw velocity values. The 
maximum values of duration of pulsation events at all the stations are 
found corresponding to 300 km/s - 400 km/s Vsw values. However the 
secondary maxima of occurrence was found nearly between 600 km/s 
to 700 km/s. The occurrence of events was observed up to the IMF 
magnitude 22 nT but majority of events occurrence was seen when the 
value of IMF magnitude was in between 2-10 nT with maximum 
occurrence found with the magnitude of IMF in between 4- 6 nT 
[Ansari & Nafees, 2012(a)]. 
The results of present study are in agreement with the observed 
characteristics of ULF upstream waves by Vellante et al. (2004) and 
Heilig et al. (2007) who discussed that the upstream waves are the main 
cause of the observed ground magnetic pulsations and supported with 
their results, a partial but direct propagation of compressional waves 
from the sub-solar magnetopause through the magnetosphere towards 
the earth, as proposed by Yumoto et al. (1984). The results of 
dependence of occurrence of these pulsations on solar wind velocity are 
in agreement with the study of Ansari (2008), who has demonstrated 
that the occurrence probability of low latitude ULF Pc3 pulsations 
depends on solar wind velocity with a threshold at about 300 km/s and 
ranging up to 700 km/s and discussed that it is likely the bow-shock 
associated waves, originating from the direct interaction between the 
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solar wind and the magnetosphere, exciting the Pc3 pulsations. In the 
light of discussed excitation mechanisms and the observed results of the 
diurnal and seasonal variation of low latitude Pc4 pulsations and their 
dependence on solar wind velocity and IMF magnitude, it is suggested 
that the upstream waves are a major source of Pc4 pulsations detected 
on nightside which were originated on the dayside and most likely by 
an extended region of ULF waves. It is further suggested that the 
plasmaspheric cavity mode resonance may have played a role in 
filtering the broadband input to the magnetosphere. In last, 
Simultaneous studies of space data of different regions and also data 
from different ground magnetometer stations are required for 
complete view of whole process and for clear prediction of generation 
and propagation mechanism [Ansari & Nafees, 2012(a)]. As the stations 
array was spread over a latitudinal range of 21° only in my study, it was not 
sufficient for identification of latitude dependence of Pc4 pulsation 
occurrence since the data from large-scale latitudinal separation was 
required for this purpose [Ansari at al., 2009(a)]. 
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A study has been carried out for Pc4 geomagnetic pulsations (in 6.7 - 22.2 mHz frequency range) recorded on ground at 
three very low latitude stations, viz. I lanle. Nagpur and Pondicherry, in India employing three axis tluxgate magnetometers, 
established and operated by Indian Institute of Geomagnetism (IIG), Navi Mumbai. Digital dynamic spectra for north-south 
(X). east-west (Y) and vertical (Z) components of the recorded data were constructed for each day for one year (I .lanuary 
2005 to 31 December 2005). The X-'and Y-component of these dynamic spectra were investigated for carrying out statistical 
study of diiirn;i! and seasonal variation of occurrence of Pc4 events. The main peaks of Pc4 occurrence were detected 
between 1500 hrs UT' (2030 hrs 1ST) and 2000 hrs UT (0130 hrs 1ST). The monthly diurnal variation provided Pc4^eak 
occurrence between 1700 and 1900 hrs UT (2230 - 0030 hrs 1ST). The seasonal variation of hourly Pc4 occurrence in both 
local winter and autumn was detected at 1800 - 1900 hrs UT (2330 - 0030 hrs 1ST) that occurred one hour later than the 
niairi peak of occurrence for the total year determined at 1700 - 1800 hrs UT (2230 - 2330 hrs 1ST). However, the peak in 
the >;easona! variation of hourly Pc4 occurrence for both local autumn and summer was detected at 1700 - 1800 hrs UT 
(2230 - 2330 hrs 1ST). The observed diurnal characteristics suggest that Pc4 pulsations detected on the nightside actually 
originated on I he daysidc by an extended origin of ULI' waves in the bow shock. 
Keyword.";: MHD waves and instabilities. Solar wind - Magnetospheric interactions. Geomagnetic pulsations 
PACSNos: 91.25./;"; 94.30.c(/ 
i liitroduction 
Pc3-4 geomagnetic pulsations are ultra low 
freqtiency magnetohydrodynamic (MHD) waves 
observed mainiy in the dayside (0400-2000 hrs LT) 
niagnero.sphere''. A number of studies using ground 
station data demonstrated that Pc3-4 pulsations 
dominated in the dayside while Pc5 puLsations were 
dominant near dawn and dusk*""'". The source of these 
waves and their propagation mechanisms have not 
hern ftiily linderstood till date. 
Fhc solar vvind provides energy for the Earth's 
magnetospheric processes. Most of the daytime micro-
pulsations activity in the l-*c3-4 range (6.7-100 mHz) 
is thought to be related to the waves generated 
upstream of the bow shock by energetic ions 
reflecting off the shock and creating conditions for the 
wave generation'"'''. This region, external to the 
magnetosphere, provides fast mode wave energy that 
may propagate across the magnetopause and with 
small radial damping, can cross the plasmapause and 
penetrate deep into the magnetosphere. The 
correlation between the occurrence of these waves 
and the values of the IMF cone angle (O^B), also 
supports the forcshock origin of these waves. A 
number of researchers reported Pc3-4 activity 
occurring predominantly when 6^B was low (< 45") 
(refs 15-19). Several studies have also revealed that 
signal frequencies of Pc3-4 pulsations recorded at 
ground are correlated with IMF mag nitude-""--. Le & 
Russell^ '' found that the cone angle could also play a 
role in determining the frequency of upstream waves, 
although IMF strength was the most iinportant 
parameter that controlled this frequency. Yumoto'"* 
compared the compressional wave frequencies in the 
magnetosphere with the energy distribution of 
reflected ion beams in the earth's foreshock recorded 
by the ISEE series of satellites and reported 
agreement with a model of upstream waves excitation 
by the ion cyclotron resonance mechanisms. These 
observations indicated that during small IMF cone 
angle, the upstream waves in the earth's foreshock 
whose frequencies were related to the magnitude of 
the IMF. could be convected through the magneto-
sheath and transmitted into the magnetosphere, where 
they propagate in the compressional mode and couple 
to the other hydro-magnetic wave modes, e.g. trapped 
oscillations of fast magnetosonic waves in the Alfven 
trough, fundamental and higher harmonic standing 
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oscillations of local field lines and were registered in 
the deep magnetosphere and at ground stations as 
magnetic pulsations""'^ 
The additional possibilities that were reported as 
principal sources of daytime continuous Pc3-4 
pulsations were the well known mechanism of 
generation of surface waves by Kelvin-Helmholtz 
instability, i.e. by velocity shear instabilities at the 
magnetospheric boundary"""' and the global 
compressional mode resonance caused by variation in 
the solar wind pressure may be the other possible 
souice of these waves. The impulsively stimulated 
compressional hydromagnetic cavity resonance can 
drive local field line resonance where the 
magnetospheric cavity eigen frequency matches that 
of the uncoupled torsional field-line oscillations'"'''\ 
A significant compressional component in the signals 
ensured that energy could flow deep inside the 
magnetosphere. Zhu & Kivelson^^ described three 
solutions of global mode oscillations and with one of 
those they suggested that the tunneling type of global 
mode might be particularly relevant to the generation 
of low latitude geomagnetic pulsations because it 
allowed perturbations at the magnetopause to excite 
hydromagnetic waves inside the plasmasphere. 
Samson ei al.''' and Waters et al?' also considered a 
waveguide model to explain the fine structure of low 
latitude Pc3-4 pulsations. Although the theoretical 
basis for cavity modes had been established by many 
researchers'''^ ^" '^*, the experimental evidence for these 
kind of modes was sparse''^ ""*. 
The diurnal variation of period and frequency of 
Pc3-4 waves recorded at ground stations and their 
dependence on latitude and geomagnetic indices Kp 
are also of vital importance in identification of their 
source and propagation modes. Several studies have 
been canied out in the past, both experimentally'''""^' 
and theoretically'--^ '^ '^ *'-"'"''*-. These studies indicated 
that the pulsation periods changed in a very 
complicated manner with the geomagnetic latitudes. 
The theoretical models proposed to date are not able 
to fully explain all the observational facts'*^ . It may be 
noted that the major part of geomagnetic pulsation 
studies have concentrated on data obtained from 
satellites and also from ground stations at middle and 
high latitudes, while very low latitudes and deep 
equatorial regions have received little attention in the 
past. Therefore, to understand the generation and 
propagation mechanism of these waves at very low 
latitudes, it is important to study Pc3-4 events 
extensively in these regions. The present paper reports 
the results of investigation of diurnal and seasonal 
variation of occurrence of Pc4 waves at very low and 
near equatorial latitudes in India for the period 01 
January to 31 December 2005. 
2 Data and analysis 
Geomagnetic data for north-south (X), east-west 
(Y) and vertical (Z) components of the Earth's 
magnetic field for the duration of the study were 
recorded using three axis flux gate magnetometer 
array situated at very low latitudes in India at Hanle, 
Nagpur and Pondicherry with one second sampling 
interval. The magnetometer array was established and 
operated by the Indian Institute of Geomagnetism, 
Navi Mumbai. The coordinate details of the recording 
stations along with their abbreviations and schematic 
representation of locations are shown in Table 1 and 
Fig. I, respectively. Time is always stated in hrs UT 
such that 1ST = UT + 5:30 hrs. 
The analysis of temporal and spatial variations of 
the Pc3-4 pulsations involved several steps. The data, 
calibrated in all respects, were used for carrying out 
the analysis. The geomagnetic X, Y and Z 
components of the recorded time- series were filtered 
using a zero-phase shift six order Butterworth type 
"band pass" filter for the frequency range 05-40 mHz 
(ref 48). The analysis for ever}' day data was carried 
out for X and Y components for the whole year by 
selecting the events from the spectra constructed by 
the MATLAB program. The digital dynamic spectra 
for selected events were prepared taking the window 
of 1024 points with sliding of half window size and 
consequently recording the frequency ranges and 
occurrence periods. Figure 2 depicts an example of 
digital spectra of the day while Fig. 3 illustrates 
Recording stalioiis 
Pondicherry (PON) 
Nagpur (NAO) 
Hanle (HAN) 
Table 1 —Coordinate details of recordi 
Geographic eo 
l.ongitude, °E 
79,92 
79.00 
78.97 
-ordinates 
Latitude, °N 
11.92 
21.10 
32.78 
ng station.? 
Geomagnetic co-ordinates 
Longitude, °L 
151.97 
151.93 
151.89 
Latitude. °N 
02.50 
1L72 
23.38 
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5-40 mHz filtered pulsations data recorded at Nagpur 
during 17:48 - 19:12 hrs UTon 27 Jan 2005. 
3 Results 
The statistical characteristics of very low latitude 
geomagnetic pulsations in Pc4 category in India were 
investigated in the current study for north-south (X) 
and east-west (Y) components of these waves. While 
considering the statistical characteristics of diurnal 
and seasonal variations of these pulsations, it is total 
duration of events that is more important than total 
number of events in a particular hourly bin. 
Therefore, the total duration of events in minutes has 
been taken into consideration. The hourly occurrence 
of Pc4 events for the three stations for January 2005 is 
shown in Fig. 4. Time is expressed in hrs UT on the 
horizontal axis while total duration of events for the 
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corresponding hour for the whole month is depicted 
on the vertical axis expressed in minutes. It is evident 
that pulsations have occurred during all the hours of 
the day while major occurrence was observed 
between 1400 and 2100 hrs UT at the three stations. 
The main statistical peak in the Pc4 occurrence was 
observed during 1700-1800 hrs UT at the three 
stations with maxima decreasing in the order at 
Nagpur, Hanle and Pondicherry. At Nagpur, the main 
peak during 1700-1800 hrs UT had duration of 
211 min while the secondary peak during 1500-
1600 hrs UT had duration of 188 min. However, in 
the Y-coitiponent of Nagpur data, main peak was 
detected during 1700-1800 hrs UT with duration of 
180 min, while two secondary peaks during 
1500-1600 hrs UT and 1800-1900 hrs UT had 
durations 159 min and 158 min, respectively. At other 
two stations, Hanle and Pondicherry, the main peak 
was observed during 1700-1800 hrs UT having 
durations of 194 and 187 min, respectively. Similar 
results were detected in the other monthly plots of the 
year except in May 2005 when the main peak 
occurred during 0600-0700 hrs UT having duration of 
272 min. 
The variation of the total hourly occurrence of Pc4 
events for all the three stations for the whole year 
2005 is plotted in Fig. 5. it is evident that the 
occurrence was prevalent during ail the hours of the 
day with major events being observed during 1500-
2200 hrs UT at the three stations. The occurrence 
pattern was nearly same for all the stations and the 
maximum occurrence was observed during 1700-1800 
hrs UT with a succeeding secondary peak during 
1800-1900 hrs UT. The total duration of maxima in 
the Pc4 occurrence were found to decrease in the 
order at Pondicherry, Nagpur and Hanle. Variations in 
the Y component occurrence were observed to be 
nearly similar but had relatively less power. At Hanle, 
the duration in Pc4 occurrence was detected to be less 
dominant in comparison to the other stations. The 
main reason was unavailability of data on many days 
in August, September and October 2005 for this 
station. The major occurrence of Pc4 events observed 
in the current study between 1400 and 2000 hrs UT 
' have also been reported in previous studies both at 
low and high latitudes '^*'" '^. 
The seasonal variations of diurnal occurrence of 
these very low latitude Pc4 waves are presented in 
Figs (6)-(9). Figure 6 depicts the diurnal occurrence in 
winter season. Although Pc4 events were observed in 
all the hours but major events occurred during 1500-
2000 hrs UT. The maxima peaks were found during 
1800-1900 hrs UT at all the stations. 
The diurnal occurrence in the spring season is 
depicted in Fig. 7. The hourly occurrence can be 
divided in two main intervals: 0500-1100 hrs UT; and 
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1400-2100 hrs UT, but the major occurrence was 
detected in the interval 1400-2100 hrs UT. The 
maxima peaks were observed during 1700-1800 hrs 
UT at all the stations. The maximum occurrence in 
the 0500-1100 hrs UT interval was detected during 
0800-0900 hrs UT for both Nagpur and Hanle while 
for Pondicherry it occurred during 0600-0700 hrs UT. 
Figure 8 shows the diurnal variation in Pc4 
occurrence in the summer season. It is evident from 
the plot that the occurrence behavior at Nagpur and 
Pondicherry were similar. The main cause of different 
behavior at Hanle was the unavailability of data for a 
number of days in August. Pc4 events were observed 
in all the hourly domains but the majority of events 
were found during 1700-2300 hrs UT with the peak 
maxima observed during 1700-1800 hrs UT at all the 
stations. The diurnal variation in Pc4 occurrence in 
the autumn season is shown in Fig. 9. In this case 
also, the occurrence behavior at Nagpur and 
Pondicherry was found to be similar but different at 
Hanle. The main cause of this difference at Hanle was 
the unavailability of data for a number of days in 
September and October 2005. The majority of 
occurrences at all the stations were observed in the 
interval 1500-2100 hrs UT with the maximum peak 
occurring during 1800-1900 hrs UT. The main peaks 
in the local winter and local autumn were found to 
occur one hour later from the main peak of the total 
year detected during 1700-1800 hrs UT while the 
main peaks in local spring and local summer have 
occurred at the same time as detected in the 
occurrence for total year data. The seasonal variation 
in Pc4 occurrence also shows the main peaks in local 
winter and local autumn at the same time (1800-1900 
hrs UT) at all the stations as depicted in Figs 6 and 9. 
These results agree with the previous studies'" where 
the main occurrence peaks in winter and equinox did 
not change with time. 
4 Discussion 
The energy source for Pc3-4 waves observed on the 
ground may either be external or internal to the 
magnetosphere. Internal sources of energy include 
instabilities associated with the cyclotron, bounce and 
drift motion of particles whose distribution functions 
are anisotropic. Free energy internal sources include 
pressure gradients, velocity shears and rapid changes 
in the magnetospheric geometry associated with sub-
storms. It should also be noted that the bounce 
resonance mechanism''' is not a likely source of Pc3-4 
waves. This mechanism was found to be most 
plausible for shorter wavelengths and great 
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Fig. 9 — Diurnal variation in Pc4 occurrence at all three stations in autumn season of 2005 
localization in longitude. Such localized waves have 
been observed in space at geostationary orbit^ '*'" but 
are screened from the ground by the magnetosphere. 
There is no comprehensive theory of internal 
e.xcitation of Pc.3-4 waves till date that could explain 
the external control which is compatible with 
observations''' and generally models for the external 
excitation of these waves are favored. 
There are two possible locations for the external 
origin of pulsations, at the . magnetopause, and 
upstream from the magnetopause. Surface waves 
generated by Kelvin-Helmholtz instability are 
important at the magnetopause"" '^''^ '. Upstream from 
the magnetopause, large amplitude waves in the 
quasi-parallel bow shock are swept back into the 
magnetosheath and then penetrate the 
magnetosphere". 
The first direct evidence for the propagation of 
external Pc3-4 wave power into the magnetosphere 
has been presented by Greenstadt et al.^^. Using a few 
individual events from ISEE 1-2 spacecrafts, they 
have verified that same frequencies in 10 - 100 mHz 
band were observed in the magneto-sheath and also in 
Ihe magnetosphere but lower power was observed 
there. Similar results were reported by Tomomura et 
al.^'^ from six months of ISEE data in the 3 - 3 0 mHz 
band. These researchers further demonstrated that 
compressional oscillations dominated in the magneto-
sheath around local noon while transverse Alfven 
waves were observed within the magnetosphere. 
Yumoto et al}^ have identified compressional 
waves in GOES-2 magnetometer data in association 
with Pc3-4 ground pulsations at low latitudes. 
However, this wave energy does not necessarily have 
to be monochromatic. A broadband source could 
couple to a field line resonance at middle or low 
latitudes to provide the monochromatic waves seen at 
ground stations. 
The transmission of upstream wave energy into the 
magnetosphere probably occurs predominantly near 
the sub-solar region. This is a requirement for these 
waves to gain access to low latitudes. The index of 
refracfion of the magnetospheric plasma decreases 
with decreasing radial distance except at the 
plasmapause '^'. This decrease should refract waves 
away from radial propagation reducing the wave 
energy that can penetrate to low latitudes, allowing 
access only to those waves that are nearly radially 
propagating. This is supported by the results of 
Tomomura el al.^'^ who have shown that the wave 
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Spectral power is generated in tiie magneto-sheath 
around noon. 
if it is assumed that significant Pc3-4 wave energy 
can penetrate to low latitudes, then there are a number 
of possible excitation mechanisms available for wave 
generation. These are collective transverse surface 
wave eigen oscillations at the plasmapause (Lpp); 
fundamental toroidal mode standing oscillations at 
L = 1.1 and L ~ 1.76 - 2.6 and higher order harmonics 
at L = 2.0 - Lpp; and trapped oscillations in the 
equatorial plane between the two peaks of the Alfven 
velocity at L = 1.7 - Lpp (ref. 12). 
The toroidal field line resonance theory of 
Southwood'*'' and Chen & Hasegawa^ ^ provides the 
mechanism by which waves are seen on the ground. 
In this mechanism, the wave polarization 
characteristics depend on the azimuthal wave 
propagation direction and the latitude of the recording 
station with respect to that of field line resonance. 
Zanandrea et al.^^ have analyzed simultaneous 
Pc3-4 geomagnetic data at very low and equatorial 
latitudes (L = 1.0 - 1.2). The characteristics of the 
observed Pc4 events have been attributed to the 
increase of ionospheric conductivity and 
intensification of equatorial electrojet during daytime 
that regulated the propagation of compressional 
waves generated in the foreshock region and 
transmitted to the magnetosphere and ionosphere at 
low latitudes. They have suggested that the source 
mechanism of the observed Pc3-4 modes may be the 
compressional global mode or trapped fast mode in 
the plasmasphere during field line oscillations at very 
low and equatorial latitudes. 
In their attempt for locating source of Pc4 
pulsations observed on the nightside, Takahashi et 
al.'^'^ liave pointed to a common upstream wave energy 
source. They have observed strong low latitude Pc4 
pulsations on dayside by lMP-8 during the period of 
nightside Pc4 pulsations. However, the spectrum of 
upstream magnetic field oscillations at lMP-8 was 
characterized by broadband power below 20 mHz 
instead of a strong peak at the frequency of the 
observed ground Pc4 pulsations. 
In the light of above discussed excitation 
mechanisms and the observed results of the diurnal 
and seasonal variation of low latitude Pc4 pulsations, 
it is suggested that the upstream waves are a major 
source of Pc4 pulsations detected on the nightside 
which were originated on the dayside and most likely 
by an extended region of ULF waves. It is further 
suggested that the plasmaspheric cavity mode 
resonance may have played a role in filtering the 
broadband input to the magnetosphere. The results of 
the present study are also in agreement with the 
observed characteristics of ULF upstream waves by 
Heilig et a/.^'.jHowever, the control of solar wind 
speed, interplanetary magnetic field strength and cone 
angle are to be investigated for reconciling foreshock 
Pc4 wave generation predictions with ground 
observations. These studies are in progress. 
5 Conclusion 
Determining the hourly occurrence of ULF waves 
and their seasonal variation is important for 
quantifying their propagation and generation 
mechanism properties. With this aim, the results of 
the analysis of diurnal variation in the occurrence of 
Pc4 geomagnetic pulsations for the year 2005 
recorded at three stations, situated at low latitudes in 
India, have been reported in the present study. The 
seasonal variation in the hourly occurrence of these 
pulsafions were also studied and reported. The 
majority of occurrence of Pc4 events observed in the 
present study, during 1400 - 2000 hrs UT (local 
nighttime), have also been reported in a number of 
previous studies. Several other Pc4 events in local 
daytime were also found during the course of the 
present study. The results are in agreement with 
suggestions of Takahashi et al.'^'^, who reported that 
the pulsations detected on the nightside originated on 
the dayside and most likely by an extended region of 
ULF waves in front of the bow shock and not from 
processes occurring in the nightside magnetosphere as 
there was absence of sub-storm onsets or 
intensification. Similar results were also reported by 
Villante et al.^" The main peaks in Pc4 occurrence at 
local winter and local autumn found at the same time 
at all the three stations agree with the previous studies 
of Ansari & Fraser^  and Kuwashima et al.'''' where the 
main occurrence peaks in winter and equinox did not 
change with time. As the stations array was spread 
over a latitudinal range of 21° only, it was not 
sufficient for identification of latitude dependence of 
Pc4 pulsation occurrence since the data from large-
scale latitudinal separation was required for this 
purpose. 
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Abstract 
The quasi-sinusoidal variations in the Earth's magnetic field in the frequency range 6.7 -
22.2 niHz are designated as Pc4 magnetic pulsations. Using an array of three fluxgate 
magnetometers, established and operated by the Indian Institute of Geomagnetism (JIG) 
Navi Mumbai, these pulsations were recorded simultaneously at very low latitudes in 
India. The data recording stations were situated at Pondicherry (2.5° N), Nagpur (11.72° 
N), and Hanley (23.38° N) covering a geomagnetic latitudinal range of about 21°. Digital 
dynamic spectra for north-south (X), east-west (Y) and vertical (Z) components of the 
recorded data were constructed for each day for one year duration (01 January, 2005 to 
31, December, 2005). The X- and Y-components of these dynamic spectra were 
investigated for undertaking the statistical study of diurnal and seasonal variations of Pc4 
events at all the three stations. The behavior of the analyzed data for the whole year 
exhibited coincident peaks in the frequencies occuning during the time interval 04 hr -
05 hr UT (09:30 hi: - 10:30 hr 1ST). In addition the frequency variation showed 'U-type" 
pattern for the duration 00 h r - 10 hr UT (05:30 hr - 15:30 hr 1ST) and 'Inverted U-type' 
pattern during 12 hr - 24 hr UT (17:30 hr - 05:30 hr 1ST) time interval. The seasonal 
variations in the average frequencies were detected to be higher in local summer than in 
local winter. In general the average frequency tended to decrease slightly throughout the 
day in local winter at Hanley and Pondicherry. 
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Introduction: 
Naturally occurring ultra-low frequency quasi-sinusoidal variations (1-1000 
mHz) in the earth's magnetic field, termed as geomagnetic pulsations have been 
studied extensively in the past (Jacobs 1970). Continuous pulsations in the 7 to 22 
mHz frequency range are termed as Pc4-pulsations. Observations of geomagnetic 
pulsations at low latitudes (L<3) indicate that significant hydromagnetic wave 
energy penetrates deep into the magnetosphere and the plasmasphere (Orr 1973). 
Vero and Hollo (1983) have studied a summary of results on the comparison of 
pulsation data from the satellite ATS-6 and the surface station Nagycent for a year 
and found that in spite of the difference in L-value, strong similarities were 
observed. Vero at al. (1991) have reported that at low latitude, the pulsation 
activity was different in spectrum from the mid-latitude ones. Vero et al. (1992) 
have also compared pulsations data from equatorial and mid-latitude stations. 
They found that similar to the results obtained in India (L -1.1), Pc3 pulsations 
were practically absent, and a few Pc4 events were better correlated with the 
higher latitude station than with the lower latitude one. However the origin of 
these waves has not been fully established and it is important to determine 
whether they are generated within or external to the magnetosphere and for this 
purpose it is important to accumulate the experimental properties. 
Most of the da3'time pulsations activity in the Pc3-4 range (07-100 mHi) 
is thought to be related to the waves generated upstream of the bow shock by 
energetic ions reflecting off the shock and creating conditions for the wa '^e 
generation [Yumoto and Saito (1983), Yumoto et. al. (1985), Wolfe et. al. 
(1985)]. This region, external to the magnetosphere, provides fast mode wave 
energy that may propagate across the magnetopause and with small radial 
damping, can cross the plasmapause and penetrate deep within the 
magnetosphere. The correlation between the occurrence of these waves and 
values of the interplanetary magnetic field (IMF) cone angle (G^B), that is, the 
angle between the IMF direction and the Earth-Sun line, also supports the 
foreshock origin of these waves. A number of authors reported that the Pc3-4 
activity occurs predominant!) when the cone angle of IMF is low (< 45") 
[Anderson et. al. (1991). Greenstadt et al. (1976, 1979). Webb et ai. (1976). 
Russell et. al. (1983)]. Several studies have also showed that the signal 
frequencies of Pc3-4 pulsations recorded at ground are correlated with the IMF 
magnitude [Villante et al. (1999), Greenstadt and Russell (1994), Troitskaya and 
Bolshakova (1988)]. Le and Russell-(1996) found that the cone angle can also 
play a role in determining the frequency of upstream waves, although the IMF 
strength is the most important parameter that controls this frequency. Yumoto 
(1985) compared the compressional wave frequencies in the magnetosphere with 
the energy distribution of reflected ion beams in the earth's foreshock recorded by 
the ISEE satellite series and reported agreement with a model of upstream waves 
excitation by the ion cyclotron resonance mechanisms. These observations 
indicate that during small IMF cone angle, the upstream waves in the earth's 
foreshock whose frequencies are related to the magnitude of the IMF, can be 
convected through the magnetosheath and transmitted into the magnetosphere, 
where they propagate in the coimpressional mode and couple to the other 
hydromagnetic wave modes, e. g., trapped oscillations of fast magnetosonic 
waves in the Alfven trough, fundamental and higher harmonic standing 
oscillations of local field lines and are registered in the deep magnetosphere and 
at ground stations as magnetic pulsations [Yumoto et al. (1985), Yumoto and 
Saito (1983)]. Based on the detailed study of Pc3 events at an array between-
L=1.5 and 3 in central Europe, Vero at al. (1998) have found quick changes 
between upstream waves and field line resonance. 
The diurnal variation of period and frequency of Pc3-4 waves recorded at 
ground stations and their dependence on latitude and geomagnetic indices Kp are 
also vital in identification of their source and propagation modes. The present 
study describes diurnal and seasonal frequency variation of Pc4 waves at very low-
latitudes in India. 
Data and Analysis: 
Geomagnetic data of X (north-south), Y (east-west) and Z (vertical) 
components of earth's magnetic field for the duration of the study (01 January 
2005 to 31 December 2005) were recorded using three axis flux gate 
magnetometer array (Pathan et al. 1999) at the stations Pondicherry. Nagpur and 
Hanle with one second sampling interval. The magnetometer array was 
established and operated by Indian Institute of Geomagnetism (IIG), Navi 
Mumbai. The coordinate details of these stations and the schematic representation 
of their locations are shown in Table I and Fig. 1 respectively. Time is always 
stated in UT such that Indian Standard Time (1ST) = UT + 5:30hr. 
The analysis of temporal and spatial variations of the Pc4 pulsations involved 
several steps. The geomagnetic X, Y and Z components of the recorded time 
series at one second interval were filtered using a zero-phase shift sixth order 
Butterworth type "band pass" filter for the frequency ranges 5-40 niHz (Otnes and 
Enochson, 1978). The analysis for each day of the whole year was carried out for 
X and Y components by selecting the events from the spectra of the whole da}'. 
The digital dynamic spectra for selected events was prepared taking the window 
of 1024 points with the sliding of half the window size. The frequency ranges and 
the occurrence periods were recorded from these spectra. Fig. 2 shows an example 
of the digital spectra of whole day and Fig. 3 shows 5-40 mHz filtered pulsation 
event recorded at Hanle for the time interval 15:24 hr to 16:36 hr UT on 19"' Nov. 
2005. 
Results and Discussion: 
The diurnal variation in frequency of Pc4 events observed at all the three 
stations viz. Nagpur, Hanle and Pondicherry for January-2005 is plotted in Fig. 4. 
The time, expressed in UT, is shown in hourly bin on X-axis and frequency 
expressed in mHz is plotted on Y-axis. The lower (LF), higher (HF) and average 
frequencies (AF) of all the three stations are plotted collectively for comparative 
studies. It is evident from Fig. 4 that all the stations showed nearly similar pattern 
of frequency variation. Although peaks in the frequencies occur at different times 
before 08 hr UT, there are coincident peaks in the frequencies occurring between 
8-9 hr UT, 14-15 hr UT, 20-21 hr UT and 22-23 hr UT. The general frequency 
occurrence was of slightly higher values after 12 hr UT than before that at all the 
three stations. At Nagpur the average frequency (AF) of occurrence lied in 
between 11 niHz and 15 mHz with a mean of about 13 niHz. The range of lower 
frequencies (LF) at Nagpur was 7 mHz to 9.67 mHz while the range of higher 
frequencies (HF) was in between 15 mHz to 22 mHz. The average frequency 
range at Hanle was 12.17 to 15 mHz giving a mean of about 13.18 mHz. The 
range of LF at Hanle was 7 mHz to 8.6 mHz and-the range of HF was 17.3 to 22 
mHz. At Pondicherry, the average frequency range was 12 to 15 mHz giving a 
mean of about 13.5 mHz. The range of LF was 7 mHz to 9.2 niHz in the 14-15 hr 
UT interval. The range of HF lied from 16.67 to 22 niHz. The data of 20 January 
for Nagpur and of 16 January for Hanle were not available. It was the main cause 
for the AF of Nagpur to be smaller than the AF of other stations in 08-14 hr UT 
interval. Frequency variation analyses for otlier months of the year were also 
carried out that provided nearly similar results. 
Diumal variation in frequency of Pc4 for total year 2005 at all three stations 
is plotted in Fig. 5. Nearly similar pattern of frequency variation was found at all 
the three stations. The range of the higher and the average frequency of 
occurrence found at Nagpur was slightly less in comparison to other stations in 
between 03-12 hr UT interval. There were coincident peaks found in the 
frequencies occurring simultaneously at all the stations between 04-05 hr UT and 
18-19 lir UT interval. The lower latitude stations Pondicheny and Nagpur also 
showed a peak in frequency, occurring between 21-22 hr UT but it was absent at 
the comparatively higher latitude station Hanle. The range of higher frequency at 
Nagpur was observed from 17.81 mHz to 20.27 mHz and the average frequency 
range was 12.72 to 14.17 mHz giving a mean of about 13.45 mHz. At Hanle the 
range of higher frequency was found from 17.78 mHz to 20.58 mHz while the 
average frequency range was 12.89 to 14.58 mHz giving a mean of about 13.74 
mHz. At Pondicherry, the average frequency range was 12 to 15 mHz giving a 
mean of about 13.5 mHz. It can be seen from Fig. 5 that the frequency variation at 
all the stations showed 'U-type' pattern between 00-10 hr UT and 'inverted U-
type' pattern in between 12-24 hr UT. Ansari and Fraser (1985) have also 
reported this type of behavior in frequency variation in south-east Australia 
corresponding to Australian Eastern Standard Time (AEST). 
The seasonal variations of frequency of these very low latitude Pc4 waves 
are presented in Figs. 6 to 9. Diurnal variation in frequency of Pc4 waves for local 
winter at all the three stations is shown in Fig. 6. It is evident from the plot that 
nearly similar pattern was found at all the stations. The lower frequency was 
found at slightly higher values in the 14-22 hr UT interval at all the three stations. 
At Nagpur the value of HF was slightly less in comparison to other stations in 
between 05-12 hrUT. 
At Nagpur the average frequency variation was from 10.46 mHz to 13.93 
mHz with a mean of about 12.20 mHz. The range of lower frequencies at Nagpur 
was 7 mHz to 7.97 mHz and the range of higher frequencies was observed in 
between 13.67 mHz to 20.87 mHz. The values of HF and consequently of AF at 
Nagpur were found less in between 04-08 hr UT interval. The reason for this was 
the unavailability of data at Nagpur on 21, 28, 29, 30 and 31 of December 2005. 
The average frequency range at Hanle was found to be from 12.28 to 14.33 mHz 
giving a mean of about 13.30 mHz. The range of LF at Hanle was 7 mHz to 7.9 
mHz and the range of HF was 17.56 to 21.67 mHz. At Pondicherry, the average 
frequency range was found to be from 12.17 to 13.88 mHz giving a mean of about 
13.02 mHz. The range of LF varied from 7 mHz to 7.88 mHz. The range of HF 
was found to be 17.33 to 20.75 mHz. 
Fig. 7 shows diurnal variation in frequency of Pc4 waves for local spring at all 
the three stations. The pattern of frequency variation was nearly similar at all the 
stations and a minor gradual increase was found in average frequency values after 
11-12 hr UT interval while the maximum value of AF was found in 4-5 hr UT 
interval. Fig. 8 shows diurnal variation in frequency of Pc4 waves for local 
summer at all the three stations. It is evident from the plot that the diurnal 
variation of frequency occurrence at Nagpur and Pondicherry was nearly similar 
but different at Hanle. The cause of different behavior at Hanle was the 
unavailability of data in most of the days in August. There was an event of high 
value of lower frequency on 18 August 2005 observed at Nagpur and Pondicherry 
in the 00-02 hr UT interval due to which tiie LF and HF were found to be high at 
tiiese stations (Fig. 8). The data of that day for Hanle was not available. The 
diurnal variation in frequency of Pc4 events in local autumn is shown in Fig. 9. In 
this case also the diurnal variation of frequency of Pc4 events at Nagpur and 
Pondicherry was found to be nearly similar but different at Hanle. The cause of 
this difference at Hanle was once again the unavailability of data in most of the 
days in September and October 2005. The seasonal variations in the average 
frequencies are found to be higher in the local summer than in the local winter as 
is evident from plots of Fig. 6 to Fig. 9. These results do not agree with those of 
Ansari and Fraser 1985 who repoiled higher average frequencies in local winter 
than in local summer at the south-east Australian stations. Kuwashima et al. 
(1978) has also reported peak frequency in winter and equinox which is contrary 
to our results. In addition, it is evident from Fig. 6 that in general the average 
frequency tends to decrease slightly throughout the day in local winter at Hanle 
and Pondicheriy. Similar results have also been reported by Ansari and Fraser 
(1985) and Barker (1977). This trend has also been seen at synchronous orbit in 
Pc3 hannonic structure by Takahashi and McPherron (1982). The average 
frequency variation trend found at Nagpur was slightly different from other 
stations. 
4 Conclusion: 
The diurnal variation in frequency occurrence of ULF Pc3-4 waves and their 
seasonal variation are important for quantifying their propagation and generation 
mechanisms. We have reported the results of the analysis of diurnal variation in 
the frequency of Pc4 geomagnetic pulsations during the whole year 2005 recorded 
at the three stations situated at very low latitudes in India. The seasonal variation 
in the frequency of these pulsations were also studied and reported. The majority 
of occurrence of Pc4 events observed in our study between I4hr UT to 20 hr UT 
(local night time) has also been reported in several previous studies. The 
frequency variation at all the stations shows 'U-type' pattern between 00-10 hr 
UT and 'inverted U-type' pattern in between 12-24 hr UT interval, which is 
similar to tlie results of Ansari and Fraser (1985). The seasonal variations in the 
average frequencies found to be higher in the local summer than in the local 
winter are in contrast to the study of Ansari and Fraser (1985). These findings do 
not agree with the results reported by Kuwashima et al. (1978). However, in 
general the average frequency tends to decrease slightly throughout the day in 
local winter at Hanle and Pondicheny, which is similar to the results reported by 
Ansari and Fraser (1985) and Barker (1977). This trend has also been seen at 
synchronous orbit in Pc3 harmonic structure by Takahashi and McPherron (1982). 
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Table Caption: 
Table I: Coordinate details of the three recording stations Pondicherry, Nagpur 
and Hanle. 
12 
Figure Caption: 
Fig. 1: Schematic map showing locations of the three recording stations. 
Fig. 2: Dynamic spectra of full day on 19"' Nov. 2005 at Hanle. Time (UT) is 
expressed in seconds and frequency in Hz. Relative intensities are indicated by 
vaiious colours. 
Fig. 3: Filtered pulsations (in the interval 5-40 mHz) at Hanle on November 19, 
2005. The signal amplitudes are expressed in nano Tesla (nT). 
Fig. 4: Diurnal variation in frequency of Pc4 for Jan. 2005 at all the three stations 
Nagpur, Hanle and Pondicherry. 
Fig. 5: Diurnal variation in frequency of Pc4 for total year 2005 at all the three 
stations Nagpur, Hanle and Pondicheriy. 
Fig. 6: Diurnal variation in frequency of Pc4 for local winter at all the three 
stations Nagpur, Hanle and Pondicherry. 
Fig. 7: Diurnal variation in frequency of Pc4 for local spring at all the three 
stations Nagpur, Hanle and Pondicherry. 
Fig. 8: Diurnal variation in frequency of Pc4 for local summer at all the three 
stations Nagpur, Hanle and Pondicheny. 
Fig. 9: Diurnal variation in frequency of Pc4 for local autumn at all the three 
stations Nagpur, Hanle and Pondicherry. 
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Dependence of Pc4 Magnetic Pulsations Activity on Solar Wind Velocity and 
Interplanetary Magnetic Field at Low Latitudes in India 
I.A:ANSARI and K.A. Nafees 
Department of Physics, Aligarh Muslim University, Aligarh (U.P.)-202002. 
Extended Abstract-
introduction: 
A recent study has been carried out for Pc4 geomagnetic pulsations which are ultra low 
frequency magnetohydrodynamic (MHD) waves (in the 6.7 to 22.2 mHz frequency range) 
observed mainly in tiie dayside (0400 - 2000 hrs LT) magnetosphere using an array of three 
very low latitude stations, viz Pondicheny (PON) (geomagnetic latitude 2.5" N, geomagnetic 
longitude 151.97° E), Nagpur (NAG) (geomagnetic latitude 11.72° N, geomagnetic longitude 
151.93° E), Hanley (HAN) (geomagnetic latitude 23.28° N, geomagnetic longitude 151.89° 
E) in India employing three axis fluxgate magnetometers, established and operated by the 
Indian Institute of Geomagnetism (IIG), Navi Mumbai. Digital dynamic spectra (DDS) for 
the north-south (X), east-west (Y) and vertical (Z) components of the recorded data were 
constructed for each day for one-year duration (January 1 to December 31,2005). The X- arid 
Y-components of tfiese DDS were investigated for carrying out statistical study of the 
dependence of diurnal and seasonal variation of frequency of Pc4 events on Kp (Ref. 1,2). 
Results and Analysis: 
In order to understand the generation and propagation mechanisms of Pc4 pulsations, it is 
vital Jo carry out the study of their dependence on solar wind velocity (Vj*) and 
Interplanetaiy magnetic field (IMF) magnitude. The Vjw and IMF data for the year 2005 were 
obtained from NASA's website. 
The dependence of Occurrence of Pc4 pulsations on Vjw for the whole year 2005 observed 
at all the three stations (Hanley, Nagpur and Pondicherry) Is depicted in Fig.l. It Is evident 
from the figure that similar patterns of Pc4 occurrence with Vj* were observed at all the 
three stations. Pc4 occurrence was reported for Vjw ranging from 250 km/sec to 1000 
km/sec. However major Pc4 events occurred for a of Vjw range of 300-700 km/sec. 
At Hanley the main peak of Pc4 occurrence with 3658 minutes of duration was observed for 
Vsw range of 350 to 400 km/sec. A secondary maximum peak of Pc4 occurrence of duration 
2762 minutes was observed for Vsw range of 600-650 km/sec. 
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It is interesting to note that the maximum peak of occurrence with duration of 4009 
minutes was also observed at Nagpur for the same Vsw range of 350-400 km/sec. However 
a secondary maximum peak of duration longer than 3000 minutes was also observed for Pc4 
occurrence during Vs^ , range of 600-650 km/sec. 
At Pondicherry the main peak of Pc4 occurrence (4559 minutes) was observed for Vsw 
of 350 to 400 km/sec, A secondary maximum peak of Pc4 occurrence of approximate 
duration 3400 minutes for Vjw range of 600-650 km/sec was also observed.. 
The IMF dependence of Pc4 pulsations occurrence for the year 2005 at all the three 
stations Is shown in Figure 2. It is evident from the figure that even though the Pc4 events at 
all the three stations occurred for IMF magnitude of 22 Nano Tesia (nT), the majority of 
events were observed for a narrower range of IMF magnitude 2-10 nT. However it Is 
important to note that at all the three stations, the maximum occurrence of Pc4 events was 
observed for IMF magnitude range of 3 to 5 nT. 
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Dependence of Pc4 occurrence duration on Vsw for alt three stations Nagpur, Hanle 
and Pondicherry for the year 2005. 
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Discussion: 
The energy source for Pc3-4 waves observed on the ground may either be external or internal 
to the magnetosphere. Internal sources of energy include instabilities associated with the 
cyclotron, bounce and drift motion of particles whose distribution functions are anisotropic. 
Free energy internal sources include pressure gradients, velocity shears and rapid changes in 
the magnetospheric geometry associated with sub-storms. It should also be noted that the 
bounce resonance mechanism (Ref 3) is not a likely source of Pc3-4 waves. This mechanism 
was found to be most plausible for shorter wavelengths and great localization in longitude. 
Such localized waves have been observed in space at geostationary orbit (Ref. 4, 5) but are 
screened from the ground by the magnetosphere. There is no comprehensive theory of 
internal excitation of Pc3-4 waves till date that could explain the external control which is 
compatible with observations'" and generally models for the external excitation of these 
waves are favored. 
There are two possible locations for the external origin of pulsations, at the 
magnetopause, and upstream from the magnetopause. Surface waves generated by Kelvin-
Helmholtz instability are important at the magnetopause (Ref. 6, 7 and 8). Upstream from the 
magnetopause, large amplitude waves in the quasi-parallel bow shock are swept back into the 
magnetosheath and then penetrate the magnetosphere (Ref. 9). 
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Physics-26 
The first direct evidence for the' propagation of external Pc3-4 wave power into the 
magnetosphere has been presented by Greenstadt et fl/.(Ref 10). Using a few individual 
events from ISEE 1-2 spacecrafts, they have verified that same frequencies in 10 - 100 mHz 
band were observed in the magneto-sheath and also in the magnetosphere but lower power 
was observed there. Similar results were reported by Tomomura el al (Ref. 11) from six 
months of ISEE data in the 3 - 3 0 mHz band. These researchers further demonstrated that 
compressional oscillations dominated in the magneto-sheath around local noon while 
transverse Alfven waves were observed within the magnetosphere. 
Conclusion: 
The Pc4 occurrence at low latitudes in India at tiie three stations Hanley (L=1.178), Nagpur 
(L=0.974) and Pondicherry (L=0.910) have been found to have two main streams. TTie 
primary stream of maximum occurrence of Pc4 events corresponds to Vsw range of 350-400 
km/sec. The secondary stream consists of less prominent Pc4 occurrence related to Vsw range 
of 600-650 km/sec. In the present study, the IMF magnitude dependence for Pc4 occunence 
extended up to 22 nT. However major Pc4 occurrence was reported for IMF magnitude 3-5 
nT. 
Tlie results of the present study are in agreement with the internationally reported study of 
Ansari (2008)(Ref. 12). Ansari found a correspondence between the occurrence of Pc3 
waves at low latitudes in south-east Australia and solar wind velocities between 350 to 700 
km/sec. The appearance of Pc3 waves at such small radial distances (L=l.% to 2.7) placed 
additional constraints on generation mechanisms. Evanescent surface waves on the 
magnetopause (one possible source of Pc3 waves) may find it difficult to penetrate to these 
low L-values. Waves generated at the bow shock , swept into the magnetosheath and 
subsequently coupling into the field line resonance are better candidates. The Mach number 
dependence of the bow shock characteristics provides a natural link between Pc3 occurrence 
and solar wind velocity. 
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